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ABSTRACT 
This thesis explores Holocene climate conditions in the western Pacific warm 
pool (WPWP) using geochemical tracers in fossil corals from the north coast of Papua 
New Guinea (PNG). The WPWP, with an annual average sea surface temperature 
(SST) exceeding 28°C, is not only a major heat source driving equator-to-pole 
atmospheric circulation, but is a fundamental component of the El Nino-Southern 
Oscillation (ENSO) system. Ocean-atmosphere interactions in the warm pool are 
instrumental in triggering ENSO warm events (El Nifio events). Given the often severe 
ENSO-related climate impacts around the globe, the mid-Holocene has emerged as a 
key period for investigating this system due to subtle differences in the distribution of 
solar insolation, relative to that of today. An understanding of how the WPWP climate 
responded to this altered background state can give us clues as to how ENSO may 
change under other altered background climate conditions, such as that brought about 
by atmospheric C02 levels during the 2P1 century. To address this issue, fossil and 
modern Porites corals were sampled from uplifted and living reefs on Muschu and Koil 
Islands, PNG, to reconstruct the mid-Holocene climate in the WPWP. Skeletal Sr/Ca 
and oxygen isotope ratios (8180) were measured in seven fossil corals with ages 
between 7.6-5.4 ka (xlOOO calendar years ago), one 2 ka coral, and three modern 
corals. The results were used to calculate SST and the oxygen isotope residual (~81 80), 
the two main proxies for warm pool climate used in this study. 
Three modern corals, two from Muschu Island and one from Koil Island, were 
analysed for Sr/Ca and 8180 to establish the methodologies to apply to the fossil corals. 
Sr/Ca and 8180 analyses on annually-resolved samples from the three modern corals 
were used to assess the level of reproducibility amongst coral records for this region. 
The spread of 8180 data about the mean value for the three corals was 0.04%o, and for 
the Sr/Ca data was 0.00001. When converted to SST, the spread for the Sr/Ca data is 
equivalent to ± 0.7°C. Seasonally resolved Sr/Ca data from a modern Muschu Island 
coral were found to track SST changes observed in the instrumental records. This was 
combined with other modern coral Sr/Ca data from the PNG region and used to 
develop a calibration equation to convert Sr/Ca to SST. The Sr/Ca-SST calibration 
equation is Sr/Caatomicxl03 = 11.0- 0.075 x SST. The modern Muschu coral was also 
analysed for 8180 at seasonal resolution. The seasonal 8180 and Sr/Ca data from the 
Muschu coral were then used to calculate ~81 80, by removing the SST component from 
the 8180 results. ~81 80 was converted to sea surface salinity (SSS) using the following 
seawater 8180-SSS relationship developed from tandem measurements on water 
samples from the north coast of PNG: 8180 w = -8.7 + 0.26 x SSS. The modern corals 
record seasonal, inter-annual and decadal scale climate variability. The seasonally 
resolved Sr/Ca-SST data showed one annual minimum in January, probably due to 
northwesterly wind driven coastal upwelling. A ~81 80 maximum in January, also likely 
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reflects upwelling, as well as the annual rainfall minimum . .18180 was at a minimum 
when rainfall was highest from May-August and southeasterly winds prevail. Both 
coral Sr/Ca-SST and .18180 show relatively cool and more saline conditions (reduced 
rainfall) respectively, during ENSO warm events. The annually-resolved Sr/Ca and 
8180 records for the three modern corals were averaged and used as the baseline for 
assessing relative changes in mean climate observed in the fossil coral climate records. 
Climate reconstructions derived from the geochemistry of fossil corals can be 
corrupted by diagenetic alteration of coralline skeletal aragonite. To understand the 
impact of vadose-zone diagenesis on coral climate proxies, two of the mid-Holocene 
Porites corals were analysed for Sr/Ca, 8180, and 813C along transects from 100% 
aragonite to 100% calcite. Thin-section analysis showed a characteristic vadose zone 
diagenetic sequence, beginning with leaching of primary aragonite and fine calcite 
overgrowths, transitional to calcite void filling and neomorphic, fabric selective 
replacement of the coral skeleton. Average Sr/Ca and 8180 values for calcite were 
lower than those for coral aragonite, decreasing from 0.0088 to 0.0021 and -5.2 to 
-8.1 %o, respectively. Diagenesis has a greater impact on reconstructions of SST from 
Sr/Ca, relative to 8180; the calcite compositions reported here convert to SST anomalies 
of l15°C and 14°C, respectively. Thus, based on the calcite Sr/Ca compositions 
analysed in this study, and in the literature, the sensitivity of coral Sr/Ca-SST to 
vadose-zone calcite diagenesis is 1.1-1.5°C per percent calcite. In contrast, the rate of 
change in coral 8180 SST is relatively small (-0.2 to 0.2°C per percent calcite). The 
results indicate that large shifts in 8180, reported for mid-Holocene and Last 
Interglacial corals with warmer than present Sr/Ca-SSTs, cannot be caused by 
diagenesis. X-ray diffraction and petrographic analysis of fossil coral skeletons used for 
climate reconstruction in this thesis revealed no significant diagenesis. 
Fossil corals records of Sr/Ca and 8180 were used to infer mean SST, .18180 and 
SSS conditions in the WPWP during the mid-Holocene. The U-Th dated fossil corals 
show that from 7.6 to 6.1 ka SSTs were on average -0.9°C cooler than at present, and 
.18180 converted to SSS suggests conditions were -1.5 psu more saline than today. 
Taken together with other tropical Pacific SST proxy records, the overall SST structure 
is evocative of the modern-day ENSO cool phase (La Nifia). If a mean La Nifia state 
was operating during this time, then the easterly trade winds were likely to have been 
stronger, thus increasing evaporation relative to precipitation and raising the SSS of the 
warm pool. An abrupt shift, particularly in the .18180, was identified between 6.1 and 
5.4 ka. This shift, indicating a decrease in SSS of -1.5 psu, may represent the 
establishment of a modern-like WPWP. The timing of the abrupt shift is similar to 
abrupt shifts identified in proxy climate records from the Indian sub-continent, Indian 
Ocean and tropical east Atlantic. The timing is also similar to an enhanced millennial-
scale climate oscillation in drift-ice rafting and deepwater production, identified in the 
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North Atlantic. This shift points to the WPWP playing a stronger role than previously 
thought in global climate change during the Holocene. 
Annually-resolved 8180 data from the seven fossil corals aged from 7.6-5.4 ka 
showed an El Nifio recurrence interval of nine years, compared to seven years for a 
8180 coral record spanning 1911-1997AD. This suggests that El Nifio was slightly 
suppressed during this time as indicated by models, though not to the same extent as 
suggested by South American lake sediment records. Four fossil corals dating to 7.3 ka, 
6.1 ka, 5.4 ka and 2 ka were analysed at bimonthly resolution for Sr/Ca and 8180 to 
investigate changes in the seasonal cycle of SST and ~81 80, and changes in the El Nifio 
signal. The results for the period 7.3 - 6.1 ka suggest locally increased rainfall during 
the middle of the year, implying strengthened southeasterly winds, consistent with an 
enhanced La Nifia state during this time. By 5.4 ka, mid-year ~8180 were at a 
maximum locally, implying that the southeast trade winds weakened. This is consistent 
with overall fresher mean surface ocean conditions and suggests that the modern SST 
and SSS structure of the WPWP may have been established at this time. Analysis of 
~8180 for the El Nifio years observed in the 7.3 ka, 6.1 ka and 5.4 ka coral records 
showed that El Nifio events at these times peaked during the middle of the year. This 
peak in mid-Holocene El Nifio events is 4-6 months earlier than the peak in El Nifio 
today (usually at the end of the year). A 7-year protracted El Nifio was identified in the 
2 ka coral 8180 records, consistent with increased El Nifio frequency and intensity 
found in both modelling and proxy studies. High-resolution Sr/Ca and 8180 analysis of 
one year of the 7-year El Nifio event showed that it peaked at the same time as today. 
The high-resolution results imply that small changes in background conditions, such as 
orbital parameters and/or the strength of the tropical monsoons, as proposed by 
modelling studies, can influence the development of ENSO events. Therefore, it is not 
possible to rule-out the potential for changes in background conditions, such as the 
current increase in C02 levels in the atmosphere from the burning of fossil fuels, to 
cause large changes in the ENSO. 
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CHAPTER 1 INTRODUCTION 
RATIONALE 
The western Pacific warm pool (WPWP) is the warmest body of ocean water on 
Earth and a crucial component of the global climate system. By definition the WPWP 
has a mean sea surface temperature (SST) exceeding 28oC (Yan et al., 1992), is 
characterised by a mean sea surface salinity (SSS) of less than 35 psu (Delcroix and 
Picaut, 1998), and has an annual average precipitation in excess of 3 m yr-1 (Webster 
and Lukas, 1992). The coupled ocean-atmosphere interactions, which give rise to these 
unique features of the WPWP, also deliver large amounts of heat to the atmosphere via 
the atmospheric Hadley-Circulation that contributes to the strength of the equator-to-
pole radiative heating gradient (Webster and Lukas, 1992; Webster, 1994). In addition, 
the WPWP is recognised as a key player in triggering El Nino-Southern Oscillation 
(ENSO) warm events (El Nifio events). El Nifio events, defined by oceanic SST 
anomalies in the equatorial Pacific, produce severe climate impacts, including extreme 
drought and flooding, in regions far from the tropical Pacific (Ropelewski and Halpert, 
1987). 
Understanding the full range of ocean-atmosphere interactions in the WPWP is 
essential to understanding global climate change. While intensive monitoring efforts in 
the tropical western Pacific have provided much needed insights into the processes 
acting in WPWP today (McPhaden et al., 1998), little is known of WPWP climate 
under altered background states in the past. Climate variability during periods such as 
the Holocene epoch (10000 years ago to the present), and especially the mid-Holocene, 
has come under increasing attention, because this period is similar to today with respect 
to sea level and physiographic factors, yet differs in orbital forcing (changes in the 
latitudinal distribution of solar insolation due to changes in the earth's rotation around 
the sun). Much can be learned from examining internal climate responses to subtle 
changes in external forcing. The response of the WPWP climate to differences in 
external forcings during the mid-Holocene is yet to be fully identified. 
Of further interest, is understanding ENSO processes during the altered 
seasonal insolation forcings of the mid-Holocene. Palaeoclimate records from 
geoarcheological sites, and lake and deep-sea sediment cores suggest a different 
average ENSO state from today (Sandweiss et al. , 1996; Rodbell et al., 1999; Koutavas 
et al., 2002; Moy et al., 2002; Stott et al., 2002). Climate modelling studies for the mid-
Holocene have hind-cast changes in ENSO variability in response to changed orbital 
forcing (Bush, 1999; Clement et al., 2000; Liu et al., 2000). Additional mid-Holocene 
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climate records from the WPWP, a key "centre of action" for modern ENSO processes, 
will help define the ENSO mean state. Sub-annual scale proxy data may provide 
insights into ENSO mechanisms and feedbacks, and therefore test the mid-Holocene 
model predictions. 
Long-lived, massive corals can provide unique insights into ocean-atmosphere 
interactions, via the geochemical climate proxies contained within their skeletons. As 
corals grow they deposit an aragonitic (calcium carbonate) skeleton, and incorporated 
in this are varying proportions of geochemical elements, depending on environmental 
factors and the coral's own physiology. The ratios of these elements in a coral can be 
measured at sub-annual resolution and can be used to reconstruct climate at seasonal 
scales. Analysis of fossil corals, preserved in ancient uplifted reefs, allows investigation 
of tropical climate variability in the past. 
In this thesis, fossil and modern corals are used to explore changes in ocean-
atmosphere processes in the WPWP, from the mid-Holocene to the present (7.6-0 ka). 
The corals for this study were sampled from Koil and Muschu Islands, off the north 
coast of Papua New Guinea (PNG), located in the heart of the WPWP, during Leg 6b 
of Project TROPICS (Tropical River-Ocean Processes In Coastal Settings) from 24 
May - 19 June 1998. Mid- to late- Holocene aged fossil corals were drilled from 
uplifted reefs on these islands, and the modern corals were drilled from adjacent 
fringing reefs. Previous studies have shown that SST is the main environmental factor 
contributing to the coral's strontium to calcium ratio (Sr/Ca) (Smith et al., 1979; Beck 
et al., 1992). Both SST (Epstein et al., 1953) and oxygen isotope ratio of seawater 
(Weber and Woodhead, 1972), influence the oxygen isotope ratio (ratio of 180 to 160, 
o180). The oxygen isotope ratio of seawater, termed the oxygen isotope residual 
(ilo180) when derived from coral, can be used as a proxy for SSS, as both vary with the 
surface ocean balance between precipitation and evaporation (McCulloch et al., 1994; 
Gagan et al., 1998). Analyses of the Muschu and Koil fossil and modern corals for 
Sr/Ca and o180 provide potential means for investigating ocean-atmosphere processes 
on seasonal time-scales in the WPWP today, and during the mid-Holocene. 
THESIS OUTLINE 
Chapter 2 describes the coral sampling fieldwork and the climate of the north 
coast PNG region. As well as sampling fossil and modern corals from Koil and Muschu 
Islands, modern corals were collected from Blup Blup and the Ninigo Islands, and 
seawater samples were collected from each Island. For the Koil and Muschu Island 
region rainfall is at a minimum from November to March (the northwest (NW) season). 
During this time winds are predominantly from the northwest and there is coastal 
upwelling of cool, saline water. Rainfall is at a maximum from May to August, the 
2 
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southeast (SE) season, when southeasterly winds prevail. During El Nifio events the 
annual average SST of the region decreases and SSS increases. 
Coral sampling protocols are described in Chapter 3. Sr/Ca and 8180 were 
measured in annually- and seasonaly-resolved samples, and Sr/Ca-SST and ~8180-SSS 
calibration equations were calculated for the northern coastal PNG region. Applying 
these calibrations to the Muschu and Koil modern coral Sr/Ca and ~81 80 data showed 
that the corals record the local manifestations of the larger-scale WPWP and ENSO 
variability. 
Chapter 4 investigates the impact of vadose-zone diagenesis, which typically 
alters coral skeletal aragonite to calcite, on fossil coral climate proxies. Characteristic 
diagenetic textures, identified in thin sections, were described for aragonite-to-calcite 
transects in two fossil corals, and the two coral transects were analysed for Sr/Ca and 
8180. The results showed that calcite diagenesis significantly alters coral Sr/Ca, 
however, 8180 remains relatively unaffected. Screening of the fossil corals used for 
climate reconstruction presented in this thesis showed an absence of diagenesis. 
In Chapter 5, annually-resolved fossil coral Sr/Ca and ~8180 records are used 
to reconstruct mean climate changes in the WPWP and, in conjunction with published 
datasets, to map the SST gradients in the mid-Holocene tropical Pacific. Fossil coral 
records of mean Sr/Ca-SST and ~81 80 further suggest that a mean state reminiscent of 
La Nifia was operating in the mid-Holocene tropical Pacific. The mean ~81 80 results 
also define an abrupt shift from higher to lower salinity centred at 5.7 ka. This shift 
could signify the establishment of modern-like warm pool. The timing of the abrupt 
salinity shift is similar to other abrupt shifts identified in different regions of the world, 
and suggests that the tropical Pacific may also play a role in forcing abrupt climate 
change. 
Finally, in Chapter 6 mid-Holocene ENSO variability and ocean-atmosphere 
interactions are examined using seasonally resolved measurements of Sr/Ca and 8180 
for four fossil corals. The climate reconstructions suggest that seasonal rainfall and 
upwelling variability was altered as a result of changes in the dominant wind fields 
operating in the WPWP through the mid-Holocene. The data also suggest that ENSO 
warm events peaked 4-6 months earlier in the mid-Holocene, as predicted from ENSO 
modelling studies. In addition, annually-resolved 8180 data suggest that El Nino events 
are suppressed, though to a lesser degree than suggested by South American palaeo-
ENSO records during the mid-Holocene. 
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CHAPTER 2 CORAL COLLECTION AND 
CLIMATIC CONDITIONS ON THE 
NORTH COAST OF PNG 
CORAL COLLECTION AND SITE DESCRIPTIONS 
Corals for this study were sampled from the northern coastal region of Papua 
New Guinea during Leg 6b of Project Tropical River-Ocean Processes In Coastal 
Settings (TROPICS) from 24 May - 19 June 1998. Project TROPICS was a joint 
project between Australian and US scientists, co-ordinated by the Australian Institute 
of Marine Science (AIMS). The first two weeks of Leg 6b were spent on the RV Lady 
Basten surveying for fossil reefs, drilling modern corals and a small number of fossil 
corals and collecting water samples. The second fortnight was spent conducting 
comprehensive drilling of fossil corals from the Holocene reefs of Muschu Island. 
Figure 2.1 shows the cruise map and locations visited. 
A total of 14 modern and 46 fossil corals were sampled from Blup Blup, Koil, 
Muschu (Rebiew and Morock Bays) and the Ninigo Islands, off the northwest coast of 
PNG. All modern corals were identified as Porites lutea (J. Veron pers. comrn., 2002) 
or Diploastrea heliopora. Only fossil Porites sp. or Diploastrea heliopora were drilled. 
Modem corals were collected using a hand-held pneumatic drill connected to a 50 mm 
core barrel with tungsten-carbide cutting teeth and powered by a standard scuba tank 
(Fig. 2.2a). Fossil corals were drilled in situ using the same core barrel, driven by a 
chainsaw motor (Fig. 2.2b ). As far as practicable, coral cores were drilled along the 
major growth axis of each coral colony. Details of exact coral locations, core lengths 
and quality are given in Appendix 1. 
Twenty water samples were collected from Blup Blup, Koil, Muschu and the 
Ninigo Islands, and from the Sepik River at Angoram, from 24 May - 19 June 1998 
(Fig. 2.1, Appendix 1). Fresh water lenses were often present at the inshore islands, and 
if so, samples were collected from within the lens and from the seawater below. A 
further 54 water samples were collected from within the flood plume of the Sepik 
River, by AIMS scientists on Leg 8 of Project TROPICS, between 11 - 20 April1999. 
These samples have not been analysed as part of this study. 
The geochemical data for the fossil and modern Porites corals from Koil and 
Muschu Islands, and oxygen isotope ratios of the water samples, are presented in this 
thesis. Koil Island (03°21 'S 144 °08'E), part of the Schouten Island Group, is located 
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73 km northwest of the Sepik River mouth and Muschu Island (03°25'S 143°35'E) 115 
km west of the Sepik River mouth (Fig. 2.1). 
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Figure 2.1: Map of northern coastal PNG showing the cruise path used to collect water 
samples and modern and fossil coral specimens (collection locations shown in red). 
The cruise departed Madang on 25 May 1998, and returned on 6 June 1998, having 
visited Blup Blup, Koil and Muschu Islands, along the coast, in the Schouten Island 
Group, and the Hermit and Ninigo Island groups near the equator. 
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Figure 2.2: Modern and fossil coral drilling. (a) Drilling a Diploastrea heliopora 
specimen underwater using a hand-held pneumatic drill with air supplied from a 
standard scuba tank. Photo courtesy of I. Zagorskis. (b) Drilling a fossil specimen of 
Porites sp. from Rebiew Bay, Muschu Island, with the drilling apparatus driven by a 
chainsaw motor. 
Fossil corals were collected from uplifted reefs, now situated in the inter-tidal 
zones of Top Point on Koil Island, and Rebiew and Morock Bays on Muschu Island. 
Corals from Top Point, Koil Island, are the oldest corals sampled, and have a mean reef 
age of 7400 ± 700 cal yr BP (oceanic 14C reservoir age 420 14C yr, this study). The Koil 
Island corals have only their tops exposed on a sandy beach at low tide (Fig. 2.3a). 
7 
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Corals from Morock Bay, on the northeastern side of Muschu Island, have an average 
reef age of 6100 ± 500 cal yr BP (oceanic 14C reservoir age 420 14C yr, this study). 
Morock Bay corals also occur as outcrops in beach sand at low tide (Fig. 2.3b). Rebiew 
Bay, on the southern side of Muschu Island, is the youngest reef, aged 1500 ± 300 cal 
yr BP (oceanic 14C reservoir correction 420 14C yr, this study) and are scattered between 
the beach and about 30 m offshore. Individual corals are almost completely exposed 
and stand as isolated coral heads (Fig. 2.4a), and behind the beach, more corals are 
eroding under vegetation, with a mixture of sandy soil and coral rubble covering and 
surrounding them (Fig. 2.4b ). 
8 
Figure 2.3: (a) Fossil corals outcropping at low tide at Top Point Beach, Koillsland. (b) 
Fossil corals at Morock Bay, Muschu Island. These fossil corals are only just exposed 
at low tide. 
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Figure 2.4: Fossil corals at Rebiew Bay, Muschu Island. (a) Porites sp. standing as an 
isolated coral head, exposed at low tide. Note the concentric growth bands in this 
coral. (b) Fossil corals cleared of sandy soil and coral rubble at the back of the Rebiew 
Bay beach. 
Although the details of coral analysis after collection differ depending on the 
question being addressed, in general the following steps were performed. Corals were 
initially sliced, cleaned and X-rayed. Fossil corals were checked for diagenesis using 
X-ray diffraction (XRD) and petrographic analysis, then their ages were determined by 
radiocarbon and/or U/Th dating. Selected specimens were sampled at annual resolution, 
and analysed for oxygen and carbon isotopes, and Sr/Ca. Some corals were also 
sampled and analysed at seasonal resolution. Further information on coral sampling and 
analysis are presented in relevant chapters. 
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CLIMATE AND OCEANOGRAPHY 
The western Pacific warm pool 
The northern coastal waters of PNG are in the heart of the oceanic water mass 
known as the western Pacific warm pool (WPWP). This is the warmest body of ocean 
water in the world and on average it is located in the Indo-Pacific region (Fig. 2.5). It 
has an average annual SST of >28°C (Yan et al., 1992; Levitus and Boyer, 1994), and 
has also been termed the "fresh pool" due to its relatively low salinity ( <35 psu Renin 
et al., 1998). Mean winds are low and convergence of moist air is at a maximum in this 
region (Tourre and White, 1997). Small changes in SST (0.5-1 °C) in the WPWP can 
result in a large extra-tropical climate response (Palmer and Mansfield, 1984). 
Figure 2.5: Mean annual SSTs for the Indo-Pacific region. The WPWP is defined in this 
figure by the 28°( isotherm. SST data from Levitus et al. ( 1994) is available from 
www.ldeo.columbia.edu/ingrid/sources/Levitus. The northern coastal PNG region is 
located in the heart of the warm pool. 
A number of interrelated factors are responsible for the maintenance of the 
warm pool. The WPWP has an unusual thermocline structure, consisting of a constant-
temperature mixed layer ( -80 m deep) and a shallower salinity controlled constant-
density mixed layer (-50 m deep, Lukas and Lindstrom, 1991). The interface between 
these layers is termed the barrier layer (Lukas and Lindstrom, 1991 ). As the barrier 
layer thickens, entrainment mixing of temperature mixed layer water into the density-
mixed layer decreases, and SSTs increase (Delcroix and McPhaden, 2002). The >28°C 
SSTs in the WPWP lead to deep atmospheric convection (Lau and Chan, 1982). As 
well as releasing radiative and latent heat to the atmosphere in this region (Webster, 
1994), the deep convective processes result in an excess of precipitation over 
evaporation. This precipitation excess, in turn, supplies the low salinity water for the 
density-mixed layer (Henin et al., 1998). The shallow depth of the density mixed layer 
makes the WPWP very responsive to wind forcing (Delcroix and McPhaden, 2002). 
10 
CHAPTER 2: BACKGROUND 
Trade winds play a large role in warm pool variability (Fedorov and Philander, 
2000). The trade winds result from the SST gradient between the western (warm) and 
eastern (cool) tropical Pacific, which drives the zonal atmospheric Walker Circulation. 
Usually, these easterly winds bring moist air across the Pacific, which converges in the 
warm pool region causing deep atmospheric convection. Westward currents, induced 
by the trades, balance eastward return flow of warm pool water, maintaining a sharp 
sea surface salinity (SSS) front at the eastern edge of the WPWP, at approximately 
165°E (Delcroix and Picaut, 1998; Henin et al., 1998; Vialard and Delecluse, 1998). At 
this SSS front saline central Pacific waters are advected zonally and subducted below 
the fresher western Pacific surface waters (Cronin and McPhaden, 1998; Delcroix and 
Picaut, 1998; Henin et al., 1998). 
Ocean-atmosphere coupling in the WPWP is thought to be responsible for 
initiating ENSO warm events (McPhaden and Picaut, 1990). Note, that in this thesis the 
term 'El Nifio' is used interchangeably with 'ENSO warm event', in accordance with 
the formal definition of El Nifio proposed by Glantz (1996), where the terms describes 
"the basin-wide changes in air-sea interaction in the equatorial Pacific region". 
Disturbance of the SSS balance at the edge of the WPWP (the SSS front), often caused 
by westerly wind anomalies (or westerly wind bursts) in the western Pacific, can lead 
to the eastward shift of the warm pool and can trigger an El Nifio event (Delcroix et al., 
2000). During an El Nifio event the westerly wind anomaly causes eastward 
displacement of warm pool water, which then reduces the zonal SST gradient, allowing 
the trade winds to slacken and the warm pool to be displaced further eastward (Fedorov 
and Philander, 2000, Fig. 2.6). The warm pool moves to the central/eastern Pacific, 
increasing SST and rainfall (deep convection), and reducing ocean upwelling in that 
region. The shift in convection reverses usual sea level pressure differences between 
Darwin and Tahiti, producing a negative Southern Oscillation Index (SOl). 
El Nino-Southern Oscillation and PNG climate 
The climate of Papua New Guinea is characterised by high rainfall and little 
variability in air temperature. McAlpine et al. (1983) described PNG rainfall 
seasonality as changing from "fairly wet" to "very wet", with an average annual PNG-
wide rainfall of 2500-3500 mrn/yr (McAlpine et al., 1983). In general, northwest winds 
prevail from November to March (NW season), and southeast winds dominate from 
May to August (SE season). While broadly speaking the PNG precipitation maxima 
occur during the NW season, this is not necessarily true for all regions, especially along 
the north coast. For example, during the NW season (November-March) Lae and the 
Huon Gulf have minimum monthly rainfall, Madang has maximum monthly rainfall, 
and Wewak shows essentially little change from other times of the year. Thus, in this 
11 
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thesis the term 'season' is used to reflect the dominant wind regime, rather than a 
combination of wind regime and rainfall. 
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Figure 2.6: Schematic diagram showing ENSO warm and cold phase dynamics (figure 
after Newton Magazine, Issue 3, January 2001 ). (a) La Nina ocean-atmosphere 
dynamics in the Pacific. La Nina is a slight enhancement of normal conditions; easterly 
trade winds, driven by the SST gradient between the east (cool) and west (warm) 
equatorial Pacific, pile up warm water in the WPWP region. The trades bring moist air, 
which converges at the WPWP, giving high rainfall in this region. This also makes the 
WPWP a "fresh pool", reinforcing the warming of the ocean by restricting ocean mixing. 
The atmospheric convection above the WPWP releases heat, and facilitates the 
poleward transfer of heat from the tropics. (b) El Nino ocean-atmosphere dynamics in 
the Pacific. Anomalous westerly winds at the edge of the warm pool cause the trade 
winds to slacken. This allows the WPWP to expand eastward, reducing the E-W SST 
contrast, further slackening the trade winds, and allowing the warm pool to expand 
even further eastward. Warm waters of the western tropical Pacific move eastward, 
producing warm SST anomalies in the east. Atmospheric convection associated with the 
warm waters is also shifted eastward, producing rainfall anomalies in the central 
equatorial Pacific. During an El Nino the western tropical Pacific experiences 
anomalously cool SST s and reduced rainfall. 
The climate of the Muschu and Koil Island region, the area of focus in this 
study, is equatorial, with an average annual rainfall at nearby Wewak of 2000 mm/yr 
(McAlpine et al., 1983). The Wewak rainfall record shows little seasonality, with just a 
slight decrease in rainfall at the start of the year. This is opposite to most parts of PNG 
and may result from local physiographic effects. Mean annual SSTs are typically 29 ± 
0.7°C. 
In the western tropical Pacific ENSO warm events cause lower SST, higher SSS 
and negative precipitation anomalies and these affect the climate of PNG. During the El 
Nifio event of 1982-83 western tropical SSTs were reduced due to evaporative cooling 
12 
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(Meyers et al., 1986). During an ENSO warm event SSS increases, and SST decreases 
due to the shoaling of the thermocline inducing mixing with cooler, more saline water 
(Tourre and White, 1997). The eastward displacement of the warm pool also displaces 
the zone of deep atmospheric convection, and thus reduces precipitation in the western 
tropics. During the 1997 El Nifio event at 143°E (Muschu Island longitude) equatorial 
SSTs decreased by -1 °C, and SSSs increased by 0.5-1 psu compared to 1996 values 
(Delcroix and McPhaden 2002). In the PNG highlands the weakened trade winds 
reduce orographic rainfall. Thus ENSO warm events in the highlands are characterised 
by frost and droughts (Allen et al., 1989). In general, the reverse is true for ENSO cool 
events (La Nifia events). 
PNG coastal oceanography 
The western tropical Pacific hosts a complex system of ocean currents and 
undercurrents (Fig. 2.7, Fine et al., 1994). Of significance in the northern coastal New 
Guinea region are the New Guinea Coastal Undercurrent (NGCUC) and the New 
Guinea Coastal Current (NGCC). The high-salinity NGCUC flows westward at a depth 
of approximately 200m (Tsuchiya et al., 1989). This current has its origins in the Great 
Barrier Reef Undercurrent (Tsuchiya et al., 1989), and flows northward through the 
Vitiaz Strait and along the north coast of PNG, finally turning eastward and becoming 
the Equatorial Undercurrent at about 143°E (Lindstrom et al., 1987). The NGCC is a 
near-surface current, which flows eastward during the NW season and westward during 
the SE season (Fine et al., 1994; Cresswell, 2000). 
Outflow from the Sepik River, and coastal upwelling, are two additional 
processes that are likely to influence the northern coastal waters of PNG, in particular 
the Muschu/Koil region. The Sepik and nearby Ramu Rivers drain the western and 
central highlands of PNG and have the largest catchment area in New Guinea. From 
150 m beyond the Sepik River mouth a submarine canyon extents out -10 km to the 
800 m isobath (Cresswell, 2000). Observations from satellite imagery from 1991-1997, 
along with research vessel, moored instruments, and drifter data (deployed from 1996-
1998), and coral proxy data for 1977-1996 showed that during theSE season the 1-2m 
thick Sepik River surface plume is turned westward by the wind-driven NGCC and the 
opposite occurs in the NW season (Cresswell, 2000; Ayliffe et al., in press). Waters at 
depth, offshore from the Sepik River mouth are stratified into many layers (Cresswell, 
2000). Cresswell (2000), observed upwelling along the north coast of PNG during the 
NW season of 1991; and discusses records from the 1980s, which show that at 143°E 
high-salinity water was upwelled to the surface from the NGCUC. During 1997-1998 
Cresswell (2000) recorded the coolest SSTs during the NW season, and suggested this 
was possibly reflecting upwelling due to favourable winds. Upwelling was absent 
during the SE season. 
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In summary, the climate of the northern coast of PNG reflects local processes 
and large-scale ENSO interactions over the western Pacific warm pool. ENSO events 
change the local climate, with ENSO warm events producing cooler SSTs and large 
reductions in rainfall, which contributes to increased SSS. Understanding the interplay 
between the local and regional climate processes is essential to interpreting the climate 
signals observed in modern and fossil coral records. 
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Figure 2.7: Diagram showing the major oceanic currents of the western Pacific. Figure 
modified from Fine et al. ( 1994 ). Of significance to the northern coastal PNG region 
are the New Guinea Coastal Undercurrent (NGCUC) and the New Guinea Coastal Current 
(NGCC). The NGCUC runs northward along the coast and at about 143°E turns 
eastward and becomes the Equatorial Undercurrent (EUC). The EUC strengthens 
during El Nino events. The NGCC reverses seasonally, depending on the prevailing 
winds. 
CHAPTER 3 MODERN CORALS: SAMPLING 
METHODOLOGY AND CLIMATE 
SIGNALS 
INTRODUCTION 
Modern coral records can be used to explore present-day climatic processes, 
and to "ground truth" fossil coral palaeoclimate records. Previous work from northern 
coastal PNG sites suggest that accurate coral-climate relationships, based on Sr/Ca and 
oxygen isotope ratios (0180), can be constructed for this region (Tudhope et al., 1995; 
McCulloch et al., 1996; McCulloch et al., 1999; Tudhope et al., 2001; Ayliffe et al., in 
press). Studies of modern corals from the Madang/Sepik coast, northwest PNG, have 
found that proxy signals record ENSO variability, and seasonal changes in rainfall and 
wind regimes (the latter two expressed as changes in the 8180 of seawater) (Tudhope et 
al., 1995; Tudhope et al., 2001; Ayliffe et al., in press). Although these studies provide 
a good foundation for exploring modern SST and SSS, several studies from other parts 
of the world have highlighted significant variability in coral records from the same 
region and even the same reef. This has lead to the emphasis of reproducibility of 
results as a key issue for coral climate reconstruction (de Villiers et al., 1995; Alibert 
and McCulloch, 1997; Gagan et al., 1998; Linsley et al., 1999; Cardinal et al., 2001; 
Gagan et al., 2002; Hendy et al., 2002). Any inter-reef variability in coral records today 
may have existed in the past, and fossil coral records should reflect this. In addition to 
reproducibility issues, significant variability exists between published Sr/Ca and 8180 
calibrations used to convert the proxies to SST and SSS. Incorrect calibrations can 
over- or under-estimate climate changes. Finally, although the Madang and Blup Blup 
corals both show ENSO variability, there are local differences in their signals. These 
local differences must be understood so that fossil coral records can be interpreted. 
In order to address issues of reproducibility and calibration, and to facilitate the 
interpretation of fossil coral records, three modern corals from modern reefs adjacent to 
fossil coral locations have been used to: 
(i) establish and test the sampling methods to be used on the fossil corals, 
(ii) investigate coral record reproducibility at different temporal and spatial 
scales, 
(iii) establish oxygen isotope (0180) and Sr/Ca versus SST calibrations for this 
region, 
(iv) quantify errors in the calibrations, and 
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(v) assess local climatic factors that may impact on the interpretation of 
larger-scale processes in the fossil record. 
The three modern corals were collected from Koil (KL03) and Muschu Islands 
(MS01 and MS04), northwest of the Sepik River mouth. These corals were analysed 
for Sr/Ca and 8180 at annual-resolution, and coral MS01 was also analysed at high-
resolution (near-monthly). The annually-resolved data were used to investigate 
reproducibility of the proxy signal between corals from the same island, and between 
corals from different Islands. The annually-resolved data were also used to test if inter-
annual ENSO cycles, and decadal scale ENSO variability were recorded in the corals. 
High-resolution oxygen isotope data, along with water sample analyses, were used to 
develop 0180-SST and Ao180-SSS calibrations. The high-resolution Sr/Ca data were 
combined with records from Ayliffe et al. (in press) and McCulloch et al. (1996; 1999) 
to produce a regional coral Sr/Ca-SST calibration. Using these calibrations, proxy 
records of SST and SSS were constructed, and the local climate processes of the 
northern coastal PNG region explored. 
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Figure 3.1: Physiographic map of the northern coastal PNG region showing sampling 
sites (red text) for modern corals and water presented in Chapter 3. Modern corals 
(green squares) are from Top Point, Koil Island (KL03), Rebiew Bay, Muschu Island 
(MS01 ), and Cape Saum, Muschu Island (MS04). Water samples, used in this chapter 
for calibration purpose, were collected from Blup Blup, Koil and Muschu Islands (purple 
circles) . 
CHAPTER 3: MODERN CORALS 
METHODS 
Coral and water sampling 
Modem corals were collected from Rebiew Bay, Muschu Island (MS01), Cape 
Saum, Muschu Island (MS04), and Top Point, Koil Island (KL03) (Fig. 3.1). All corals 
were located in well-flushed, open ocean settings, with their tops approximately 5-6 m 
below mean sea level. Fourteen water samples from Blup Blup, Koil and Muschu 
Islands were analysed for salinity (by A. Suzuki, Australian Institute of Marine 
Science) and for 8180. These water samples were used in the calibration of the coral 
8180 signal to SST and SSS. The Koil and Muschu water samples were collected close 
to the modern corals and a surface sample was also collected if a freshwater lens was 
present at the site. All water samples for 8180 analysis were collected in 100 ml glass 
bottles, and treated with 41.5 mmol of HgC12 to stop bacterial growth that could 
potentially alter the isotope ratios. Bottles were filled to the top, leaving as small a 
headspace as possible, and sealed with tape. Salinity samples were collected in 200 ml 
plastic bottles at the same time and location as the 8180 samples. 
Coral X-radiography and density 
Seven millimeter thick slices were cut from corals MS01, MS04 and KL03 (and 
from fossil corals, see Chapter 4 and 5), incorporating the major growth axis, in 
preparation for milling. X-rays of coral slices were taken by staff at the National 
Capital Diagnostic Imaging Clinic, Canberra, using medical X-ray equipment, set at 42 
kV and 3 rnA (standard exposure). X-ray negatives were scanned, converted to 
positives and enhanced using Adobe Photoshop v8. These X-ray positives were used to 
calculate extension rates, to identify the major growth axis for sampling, and to define 
annual growth increments within each coral. The sampling tracks for each modem 
coral are shown on the X-rays in Figs. 3.2 to 3.4. 
Samples for determining skeletal bulk density for MS01, MS04 and KL03 were 
also milled from the 7 mm-thick slices, though located slightly away from sampling 
tracks (Fig 3.2-3.4). Skeletal densities, along with the coral extension rates, were used 
to investigate growth rate variability between the corals. Density samples have a cross 
sectional area of 4x4 mm, with a length equivalent to 4-6 years growth, thereby 
providing for averaging of seasonal density. Bulk density samples were milled using a 
2 mm tungsten carbide drill-bit set at 200 rpm and 0.5 mm/sec travelling speed. Repeat 
samples for MS01 and MS04 were taken adjacent to the original (Figs. 3.2 and 3.3). 
Two samples were taken from KL03 (Fig. 3.4), one each from the fast- and slow-
growing areas. A detailed density profile was also constructed for coral MS01 (density 
track shown in Fig. 3.2) by J. Lough, Australian Institute of Marine Sciences, using a 
gamma-ray densitometer/luminometer (Chalker and Barnes, 1990). 
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Figure 3.2: X-ray positives of density bands in coral MS01 from Rebiew Bay, Muschu 
Island. Light bands are low density and dark bands are high density. Apparent higher 
density at the top, and to some extent, the bottom of the X-rays is due to the angle of 
incidence of the X-rays. Black circles are from ball-bearings placed in hand-drilled 
holes. Sampling tracks are shown; annual resolution sampling tracks (yellow lines) are 
slightly offset from the major growth axis, and the high-resolution sampling track is on 
the major growth axis (red line). Duplicate bulk density samples were taken from this 
coral (one above the other; grey box). A gamma-ray densitometry profile was also 
measured by J. Lough at the Australian Institute of Marine Sciences (purple dashed 
line). Sampling logistics prevented the density profiles from being collected closer to 
the bulk density sample. 
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Figure 3.2 continued: X-ray of coral MS01, Muschu Island. The black arrow indicates 
overlap between the X-ray images. 
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Top 
5cm 
Figure 3.3: X-ray positive of density bands in coral MS04 from Cape Saum, Muschu 
Island. Only the part of the core from which samples were collected is shown. The full 
X-ray positive for this coral is in Appendix 2. Light bands are low density and dark 
bands are high density. The annual resolution sampling track is shown (yellow line) 
and is slightly offset from the major growth axis. Duplicate bulk density samples were 
taken from this coral (one above the other, grey box). Black circle in this image is from 
a ball-bearing placed in a hand-drilled hole. 
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5cm 
Figure 3.4: X-ray positive of density bands in coral KL03 from Top Point, Koil Island. 
Only the part of the core from which samples were collected is shown. The full X-ray 
positive for this coral is in Appendix 2. Light bands are low density and dark bands are 
high density. The yearly sampling tracks are shown (yellow lines) and are slightly offset 
from the major growth axis. Note the change in growth rate, defined by the density 
bands, from slow to fast, half-way along this slice (dashed black line). Two bulk density 
samples were taken from this coral (grey boxes), one from the slow growing lower 
section, and one from the fast growing upper section. Black circle in this image is from 
a ball-bearing placed in a hand-drilled hole. 
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Guide to coral micro-sampling and geochemical analyses 
The Muschu (MS01 and MS04) and Koil (KL03) Island corals were analysed 
for 0180, o13C and Sr/Ca at different resolutions, and for different purposes. Table 3.1 
and Table 3.2 summarise the sampling resolution, number of analyses, and the reasons 
for analysing each coral. Annual samples (1 sample/year, assuming 1 coral year is ""' 1 
calendar year) were analysed in all three corals and high-resolution samples ( 6-12 
samples/year) were measured from coral MSOl. The term MS01-HR is used when 
referring to the high-resolution results from coral MSO 1. 
1able 3. 1: Number of annually-resolved coral years mi lled and analysed for Sr/Ca, 0180 and o13C, and 
the reasons for analysing each coral. The calendar years covered by the analyses are shown in brackets. 
Coral No. No. coral years No. coral years Questions to answer with the 
coral analysed for analysed for data 
years o180 & o13c Sr/Ca (calendar 
milled (calendar years years 
reQresented2 reQresented2 
MS01 90 90 (1911-1997) 20 (1984-1997) -Does coral 0180 record long-
term inter-annual variability 
related to ENSO? 
-What is the variability in 
geochemical proxies for corals 
from the same and different 
Islands? Analyses from MS01, 
MS04 and KL03 for 1984-1997 
were used to answer this 
question. 
KL03 20 20 (1981 -1997) 5 (1981-1997) -How do composite Sr/Ca 
(several years analyses (powder from several 
combined into years combined into one 
one composite) sample) compare to annually-
resolved Sr/Ca analyses? 
-What is the variability in 
geochemical proxies for corals 
from the same and different 
Islands? Analyses from MS01, 
MS04 and KL03 for 1984-1997 
were used to answer this 
question. 
MS04 17 17 (1984-1997) 17 (1984-1997) -What is the variability in 
geochemical proxies for corals 
from the same and different 
Islands? Analyses from MS01, 
MS04 and KL03 for 1984-1997 
were used to answer this 
uestion. 
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Table 3.2: Number of high-resolution samples milled and analysed for Sr/Ca, 8180 and o13C, from coral 
MS01, and the reasons for analysing the high-resolution samples. Approximately seven calendar years 
were analysed, from 1991-1997. 
Coral 
MSOl 
No. high-
resolution 
samples milled 
399 
analyses (No. 
anal yses/yr) 
122 (12/yr with 
additional 
analyses around 
the 8180 
maxima) 
Coral micro-sampling 
analyses (No. 
analyses/yr) 
51 (7/yr) 
Questions to answer 
with the data 
-When does the coral 
year start and finish in 
relation to the seasonal 
cycle of Sr/Ca and 8180? 
-What are the best SST 
and SSS calibrations to 
use for corals from 
Muschu and Koil 
Islands? 
-What are the climate 
processes driving the 
coral proxy signals in 
the northern PNG 
re ion? 
Coral samples for geochemical analysis were collected from the X-rayed 7 mm-
thick slices using a semi-automated milling system. To collect the samples a 10 mm 
wide sampling ledge was milled from the X-rayed 7 mm-thick slices (Fig. 3.5), and 
from this ledge yearly and high-resolution samples were milled. The ledge was centred 
on the major growth axis and the sampling tracks identified on X-rays. The outer 2 mm 
of the ledge, offset slightly from the major growth axis, was used for yearly sampling. 
The next 3.6 mm of the ledge was allocated to high-resolution sampling. The final 4.4 
mm, once again slightly offset from the centre of the growth axis, was reserved for 
repetition of the yearly or high-resolution samples, if necessary. The sampling ledge 
and the rest of the slice were thoroughly cleaned using an ultra-sonic probe, set 1 mm 
above the coral surface. 
All samples were milled using a semi-automated milling machine. Annual 
samples from all three corals were shaved off using a 4 mm tungsten carbide drill-bit, 
rotating at 90 rpm. The start and finish for each sample was defined by the transition 
from a dense to a less dense band, as defined on the X-ray (Figs. 3.2-3.4). High-
resolution samples were shaved off using a 2 mm tungsten carbide drill-bit, also 
rotating at 90 rpm. 
High-resolution samples were collected from MSOl using the methods of 
Gagan et al. (1994). Samples were taken every 0.15 mm, for a length of 6 em, 
representing -7 years of growth at a resolution of approximately one sample/fortnight. 
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Figure 3.5: Schematic diagram of the coral micro-sampling procedure. (a) A 7 mm 
thick slice (black) was cut from the drilled coral core (orange). (b) A 2 mm thick, 10 
mm wide ledge was milled from the slice. (c) Following thorough ultra-sonic cleaning, 
the outer 2 mm of the ledge was milled at annual resolution (blue area). The rest of 
the ledge was covered with weighing paper to prevent milled cuttings from 
contaminating the high-resolution sampling area. (d) The adjacent 3.6 mm width of the 
ledge was used for high-resolution sampling (green area). The remaining 4.4 mm of 
the ledge was reserved for additional sampling, if required. 
Sr/Ca analysis 
Twenty annual samples from MS04 and MS01, plus 122 MS01-HR samples, 
were analysed for Sr/Ca using thermal ionisation mass spectrometry (TIMS). A sample 
of 60-150 flg of coral powder was weighed into acid-washed vials and dissolved in 
0.5N HCL Four microgram Ca sub-aliquots were then added to phosphoric acid, along 
with a 43Ca-84Sr spike, giving a mix with 43Ca/ 44Ca and 84Sr/ 86Sr ratios of approximately 
one. Following evaporation to near dryness, the aliquots were loaded onto single 
tantalum filaments and Sr/Ca ratios were determined by isotope dilution mass 
spectrometry on a Finnigan MAT 261 thermal ionisation mass spectrometer (Alibert 
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and McCulloch, 1997). An exponential fractionation law based on 42Ca/44Ca was used 
to correct for Ca mass fractionation during analysis. Strontium mass fraction correction 
during analysis used a power law based on 88Sr/ 86Sr. The spike was calibrated against 
the Research School of Earth Sciences mixed Sr/Ca standard solution, based on high 
purity CaC03 and SrC03 and prepared gravimetrically. Measurement against internal 
standards gave a precision of ± 0.08% (2cr). The average standard error for duplicate 
coral Sr/Ca analyses was± 0.05% (n = 8 duplicates) . 
Four-year composite samples were analysed from KL03. Each composite was 
made up from 80-120 jlg of coral powder from each year, weighed into a single acid-
washed vial, giving a total sample weight of approximately 400 jlg. The powder was 
dissolved in 0.8 ml of 0.5N HCl. An additional dilution step was performed whereby a 
sub-aliquot of 0.1 ml was transferred to another acid-washed vial and 0.7 ml of 0.5N 
HCl added. A 4 jlg Ca sub-aliquot was taken from this solution, then the same 
procedure as outlined above was followed. 
Oxygen and carbon isotope ratios were measured on annual samples from 
MS01, MS04 and KL03 using a Finnigan MAT 251 mass spectrometer coupled to an 
automated carbonate (Kiel) device. Every fourth high-resolution MS01-HR sample was 
run with infilling of analyses around the annual 8180 minimum. For each sample, 200 ± 
20 jlg of powder was initially dissolved in 105% H 3P04 at 90°C. Isotope results were 
calibrated relative to the Vienna Peedee Belemnite (V -PDB) using the NBS 19 (8180 = 
-2.20%o, 813C = 1.95%o) and NBS 18 (8180 = -23.00%o, 813C = -5.00%o) standards. The 
two sigma standard deviations of 8180 and 813C for NBS 19 for all analyses (n = 440) 
were 0.08%o and 0.03%o (2cr) , respectively. Replicate annual samples were measured 
until the 8180 standard error of the replicates was ~0.05%o. In most cases this was after 
two repeats, though the occasional annual sample was analysed five times. 
Analysis of 8180 in water 
Fourteen water samples were analysed for 8180 using a water-C02 equilibration 
method based on that of Epstein and Mayeda (1953) and Socki et al. (1992). A three 
millilitre sub-aliquot was placed in a 10 ml silicone-free vacutainer. The sample was 
then flushed and the headspace filled with research grade C02• The vacutainers were 
sealed and placed in a static water bath at 25 ± 0.1 °C and left to equilibrate for at least 
30 hours. C02 gas was extracted using a #20 hypodermic needle and cleaned using dry 
ice slush and liquid nitrogen trapping to remove water vapour and non-condensable 
gases. The C02 gas was collected in a Pyrex breakseal and burnt off ready for analysis 
on a Finnigan MAT 251 mass spectrometer with a multipart device. The data were 
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calibrated relative to Standard Mean Ocean Water (SMOW) using the internal working 
standard ANU-OW1, which has a 8180 value of 0.50 ± 0.01 %o. The standard error on 
duplicate analyses was 0.02%o (n = 6 duplicate pairs). Water sample salinity was 
measured by A. Suzuki, Australian Institute of Marine Science. 
Coral sampling resolution 
Although high-resolution sampling of coral material can give a wealth of 
detailed climate information, producing such data can be time consuming and may be a 
greater effort than necessary to address the problem in question. Modern coral and 
climate data from PNG were used to develop an appropriate low-resolution sampling 
method. Corals can be analysed at low-resolution to obtain record of the long-term 
climate signals contained within it, or, for the PNG corals, to identify ENSO events. 
Once identified, areas of interest may be examined in more detail by high-resolution 
sampling. 
Given the small annual SST range in the WPWP, sampling resolutions of one 
sample/year to one sample/two years were thought suitable for detecting (but not 
quantifying) ENSO events. To test this, 20 years of near-weekly 8180 and Sr/Ca data 
from a modern Blup Blup Island coral (Ayliffe et al., in press) was reduced to annual 
and biannual intervals and compared to the corresponding 1 o x 1 o grid satellite SST 
record (Reynolds and Smith, 1994). A chronology was established for the Blup Blup 
coral record by fitting Sr/Ca-SST estimates to the instrumental record (Ayliffe et al., in 
press). Though the biannual sampling showed the ENSO warm events of 1982/83, 1987 
and 1992/93, the signal is significantly smoothed and weaker events may be missed 
(Fig. 3.6). Overall, one sample/year (annual sampling) provides the best overview of 
the climate signal with ENSO events clearly resolved, even if sampling is offset by six 
months (Fig. 3.6). 
Coral age models 
In the initial study discussed above, signals in the corals were matched to the 
calendar year to establish a chronology. For fossil corals however, it was thought that 
the start and finish of annual samples could be defined by high and low density bands 
seen on coral X-rays (Fig. 3.2-3.4 and Appendix 2). Seven years of high-resolution 
8180 data from modern coral MS01 (referred to as MS01-HR) were used to determine 
if the density bands were annual, and how the timing of their formation related to 
annual SST variations. 
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Figure 3.6: Comparison of satellite SST with Blup Blup Island coral 8180 and Sr/Ca-SST 
data at different resolutions: near-weekly, annual (year starts and finishes in January), 
off-set annual (year starts and finishes in July), and biannual. (a) IGOSS satellite SST 
data (green wave) for the 1° grid square centred on 03.5°S, 144.5°E (Renyolds and 
Smith 1994 ), including Blup Blup Island . Data were available from 
http://ingrid.ldgo.columbia.edu/SOURCES/.IGOSS/ (b) Blup Blup Island coral 8180 data 
from Ayliffe et al. (in press). (c) Blup Blup Island coral Sr/Ca-SST data from Ayliffe et al. 
(in press). The Sr/Ca data were converted to SST using the calibration equation quoted 
in Ayliffe et al. (in press). The comparison shows that annual sampling is sufficient 
resolution to provide an overview of the climate record in the coral and suffices to 
discern ENSO events, even if offset by 6 months. ENSO warm events of 1982-83, 
1987-88 and 1992-93 are clearly represented at this resolution. 
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Initially the 8180 and location of the density bands were plotted against distance 
<town the core (Fig. 3.7). This showed maximum 8180 values occurring at the transition 
:from high to low-density bands. This transition also corresponded to the annual SST 
::minimum, usually in January, as observed in the IGOSS SST record for the Muschu 
Jsland 1° grid. The coral 8180 record was used for the comparison as the annual cycle 
~as enhanced due to the combined effects of SST and SSS, and the 8180 record was at 
.a higher sampling resolution than the Sr/Ca record (see table 3.2), both making it easier 
1o distinguish the year start/finish relative to the density banding. El Nifio events were 
£ignalled in the high-resolution 0180 record as an overall increase in 8180 throughout 
1he year. The coral year (coupled high and low density band) in the Muschu coral has 
.almost the same timing as the ENSO climatological year. The climatological year starts 
in boreal fall and the coral year starts in January. The annual sampling method is a 
~ood approximation of the climatological year, and is certainly appropriate for 
identifying areas that could be followed up with high-resolution sampling and more 
detailed investigation (as was done in Chapter 6). For the annually-resolved samples, 
the transition point from high to low-density as seen on the coral X-rays, starting from 
the top of the core, was used to define a coral year. 
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Figure 3.7: Comparison of MS01-HR, Rebiew Bay, Muschu Island, 8180 (green trace) 
versus distance down core, with IGOSS SST (blue trace) versus time. IGOSS SST 
satellite data are for the 1 o grid square centred on 03.5°S, 143.5°E (Reynolds and 
Smith, 1994) containing Muschu Island. Data are available from 
http://ingrid.ldgo.columbia.edu/SOURCES/.IGOSS/. The start/finish of each calendar 
year in the IGOSS SST data is as marked on the scale. The locations of high density 
bands down the coral core are shown by alternating grey shading. The pale yellow bar 
indicates the tissue layer at the top of the core. The annual 8180 maximum (note 
inverted 8180 axis) usually occurs at the transition from the high to low density band. 
This maximum corresponds to the annual IGOSS SST minimum. 
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In general, the number of coral years analysed was greater than the number of 
calendar years covered by those analyses (Table 3.1). This arose from occasional 
difficulties in defining the density transition on the X-rays, due, for example, to double 
low-density bands or an absence of a low-density band. If the density transition was 
ambiguous then the coral was preferentially over sampled to ensure that the records 
were not smoothed as a result of the sampling process. 
To compare annual geochemical results from MSO 1, MS04 and KL03 for the 
period of overlap (1984-1997), a common chronology was established. A chronology 
was first assigned to coral MS01 by matching 0180 maxima in the annually-resolved 
3180 data to SST minima in the GOSTA SST (data averaged to one year intervals), 
from 1911-1994 for the 1° grid square centred on 3.5°S 143.5°E, containing Muschu 
Island. These records were matched using Analyseries (Paillard et al., 1996). For 1994-
1997, the MS01 record was matched to the IGOSS SST data set, also for the 1 o grid 
square centred on 3.5°S 143.5°E, containing Muschu Island. When difficulties arose in 
matching 3180 to the instrumental records, the Southern Oscillation Index was used as a 
crosscheck. KL03 and MS04 records were then tied into the MSO 1 master chronology. 
The chronology for MS01-HR was established by matching the annual Sr/Ca minima to 
the annual minima in the monthly-averaged IGOSS SST data set. Coral results are 
henceforth plotted against calendar year. 
RESULTS 
Coral growth parameters 
Coral growth parameters for MS01 , MS04 and KL03 are given in Table 3.3 and 
are compared to the results from Blup Blup Island (Ayliffe et al. , in press). Corals from 
this study are from similar reef environments and colonies are of similar size. The 
corals have varying extension rates, though the MS01 (8.4 rnrnlyr) has the same density 
(1.32 g/cm3) as KL03 (17.9 mrnlyr). Density bands are present in all corals (Figs. 3.2-
3.4), though MS01 has the most distinct banding with regular and contrasting high and 
low density bands. Densities for the three corals are within one standard deviation of 
the mean skeletal density (1.28 g/cm3) reported by Lough and Barnes (2000). 
Gamma-ray densitometer data for MS01 follow the density patterns seen in X-
ray (Fig. 3.8), although the general trend in the background density differs from the X-
ray, particularly at the top of the coral. This is probably due to attenuation of the X-rays 
at the extremities of the X -ray film. Variability between the dense and less dense bands 
is approximately 7%, similar to that reported for corals from the Great Barrier Reef 
(Lough and Barnes, 1997). 
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Table 3.3: Comparison of coral growth parameters. 
Coral Species Depth2 Coral Tissue Extension rate Density 3 
(m) height thickness 1984-1997 (g/cm3) 
(m) (mm) (mm/yr) 
MS01 Porites 6 1.5 8 8.4 1.32 ± 0.03 
lute a (duplicates) 
MS04 Porites 6 2 9 13.6 1.15 ± 0.00 
lute a (duplicates) 
KL03 Porites 5 1 6.5 18.0 3 1.32 ± 0.03 
lute a (2 locations) 
Blup1 Porites 3.2 0.35 - - 1.2 
s ..... 
1Data from Ayliffe et al. (in press) 
2 Average depth from the water surface to the top of the coral when the coral was drilled 
3Mean of upper 9 years extending at 19.7 mm/yr and lower 6 years extending at 15.4 mm/yr 
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Figure 3.8: MS01 gamma-ray densitometer profile (purple trace overlaying X-ray) with 
density track indicated by pink line. The X-axis on the X-ray is not to scale and was 
adjusted to better show the density profile match with growth bands. The general 
pattern of density bands in the X-ray matches the gamma-ray densitometer profile. 
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Coral geochemical results 
Annually-resolved proxy records 
Annual samples from corals KL03 (Koil Island), MS04 and MS01 (Muschu 
Island), were analysed for 8180, Sr/Ca and 813C for 1984-1997, the results of which are 
presented in this section. The mean coral 8180 and Sr/Ca records (Table 3.4), and their 
patterns of inter-annual variability (Fig. 3.9), will be used to investigate reproducibility 
of proxy records from corals of the same and different Islands. 
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Figure 3.9: Comparison of annual resolution records for 1981-1997 from modern 
corals MS01 and MS04 (Muschu Island), KL03 (Koil Island) and the Blup Blup coral 
from Ayliffe et al. (in press). (a) Mean 8180 data, (b) mean Sr/Ca data, and (c) mean 
813C data. Note the inverted y- axis for 8180 and 813C data. Error bars are +/-one 
standard error on duplicate analyses. Grey lines show El Nino years defined by the 
April-September Southern Oscillation Index (SOl) being less than -10 (Australian 
Bureau of Meteorology). Inter-annual variability in 8180 is similar for all corals, though 
the Blup Blup 8180 is visibly stronger because of two local freshwater inputs from the 
Sepik River. There is a significant spread in mean Sr/Ca values for the corals, though 
the patterns of variability are similar. 
The mean 8180 values from the annual samples from MS01, MS04 and KL03 
for 1984-1997 are within error (Table 3.4), and the amplitude of inter-annual cycles for 
each coral is remarkably similar (Fig. 3.9a). The correlation coefficient is 0.82 for 
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MS01 and MS04, and 0.86 for MS01 and KL03. These correlation coefficients were 
generated when corals MS04 and KL03 were tied into the MS01 master chronology. 
()180 values are higher during El Nifio years in all corals, as anticipated from cooler 
SSTs and higher salinities in western WPWP during these events (Meyers et al., 1986; 
Allen et al., 1989; Tourre and White, 1997). 
Table 3.4: Mean 8180, 813C and Sr/Ca for modern corals from Blup Blup, Koil (KL03), and Muschu 
Islands (MS01, MS04), for the period 1984-1997. Data for Blup Blup Island from Ayl iffe et al. (in press). 
Errors on the means are ± one standard error. 
Coral Extension rate Mean 8180 (%o) Mean Sr/Caatom Mean 813C (%o) 
(mm/yr) xl03 
MSOl 8.4 -5.50 ± 0.04 8.77 ± 0.01 -1.15 ± 0.04 
MS04 13.6 -5.47 ± 0.04 8.72 ± 0.01 -1.61 ± 0.06 
KL03 18 -5.46 ± 0.04 8.82 ± 0.00 -1.60 ± 0.10 
BluE BluE - -5.8 8.9 -1.6 
The 1984-1997 mean Sr/Ca values for corals MS01, MS04, KL03 are different 
from each other (Table 3.4), though the annually-resolved results from corals MSOl 
and MS04 have a similar pattern of annual variability (Fig. 3.9b). Coral MS01 has 
greater inter-annual Sr/Ca amplitude than coral MS04 (20' of 0.00007 and 0.00006, 
respectively, Fig. 3.9b). El Nifio years in MS01 and MS04 are represented by an 
increase in Sr/Ca. KL03 Sr/Ca results are based on composite samples and so provide 
no information on the inter-annual variability. 
The mean IGOSS SSTs for Blup Blup, Muschu and Koil Islands are very 
similar (-29 ± 0.2°C) and the differences in the Sr/Ca-estimated mean SSTs for corals 
from these Islands are much larger (for example, -2°C using the Equation 3 on p39). 
This can potentially impact on constructing means in the fossil record; however, these 
modern coral results need to be placed in context. Only one modem coral has been 
analysed at Koil and Blup Blup Islands. Where two corals were analysed from Muschu 
Island the spread of the mean SST is 0.7°C. Additional corals from Koil and Blup Blup 
Islands should be analysed to test if the difference between the four corals is an inter-
island affect (perhaps with island specific offsets) or results from variability in the way 
corals record Sr/Ca. Certainly the literature is showing that incorporation of Sr/Ca into 
coral skeletons is not fully understood (see Sr/Ca discussion section) and these coral 
results may be an example of where other factors are influencing the signal. In terms of 
reconstructing mean SSTs in the fossil corals, only "similar" material will be 
compared, that is fossil results will only be compared to modern corals from the same 
Island. 
The mean 813C values for MS04 and KL03 fall within one standard error of 
each other, though MS01 is significantly different (Table 3.4). The large shift from 
higher to lower 813C at 1989-1990 in the KL03 813C record (Fig. 3.9c) corresponds to a 
32 
CHAPTER 3: MODERN CORALS 
drop in extension rate seen in the X-ray (Fig. 3.4). The three 613C coral records show no 
consistent pattern. 
High-resolution data from coral MSOJ 
The high-resolution 6180 results from coral MSOl, Muschu Island have been 
used to determine the timing of density band formation relative to the seasonal cycle 
(Coral age model section above). In addition, the MSOl-HR 6180 and Sr/Ca data will 
be used to produce the SST and SSS calibrations, and to investigate the climate 
processes controlling the proxy signals. 
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Figure 3.10: MS01-HR (Rebiew Bay, Muschu Island) data versus time compared to 
IGOSS SST. (a) 6180 data, (b) Sr/Ca, and (c) 613C data (all in green). Note the inverted 
y- axis for 61 80 and 6 13( data (618Q y-axis inverted so that increasing fresh water 
inputs (more negative 6180) are up). The locations of high density bands down the 
coral core are shown by grey shading. The pale yellow bar indicates the tissue layer at 
the top of the core. Seasonal differences in the 6180, Sr/Ca, and to a lesser extent, the 
613C data match IGOSS SST. 
U) 
The MSOl-HR 6180, Sr/Ca and 613C data are presented in Fig. 3.10. Regular 
cycles are evident in the 6180, Sr/Ca and 613C, with the cycles most clearly defined in 
the 6180 and Sr/Ca records (Fig. 3.10). The MSOl-HR results when compared with 
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JGOSS SST (at monthly resolution), show similar trends (Fig. 3.10). For example, the 
()180 and Sr/Ca coral data show decreasing values during 1995 and 1996 when IGOSS 
SST increases. This shows that the cycles in the MS01 -HR ()180 and Sr/Ca data are 
seasonal, and are recording at least some SST variability. It is worth noting that SST 
variability at a reef site may be more dynamic than the 1 x 1° IGOSS SST grid box. 
()13C for 1991-1993 shows similar variations to the other proxies, however from 1994-
1996 the seasonal cycle is obscured by higher frequency variability. 
DISCUSSION 
Sr/Ca reproducibility and calibration 
Reproducibility 
The Koil Island (KL03) and Muschu Island (MSO 1 and MS04) corals have a 
spread in their Sr/Ca means of 0.00001, equivalent to a difference in SST of 
approximately ± 0.7°C (calculated using the Sr/Ca-SST relationship in the calibration 
section below). This difference is greater than for Sr/Ca records from seasonal-resolved 
Davies Reef Porites sp. corals (± 0.5°C, Alibert and McCulloch (1997)), 5-year 
samples from several Great Barrier Reef Porites sp. (± 0.3°C; Hendy et al. (2002)), and 
Porites lutea Sr/Ca records from other fringing reef settings (± 0.3°C; Gagan et al. 
(1998)). However, the difference is much smaller than that for seasonally-resolved 
coral Sr/Ca records from Oahu, Hawaii (2-3°C; de Villiers et al. (1995)). 
While the spread between the mean Sr/Ca results for the Koil and Muschu 
corals is not extreme, there is no obvious reason for this difference. All three corals are 
the same species (Porites lutea), and were collected from well-flushed fringing reef 
sites. The IGOSS SSTs for 1984-1997 for the grid squares containing each Island vary 
by <0.1 °C, so SST is not the source of the difference. The coral extension rates and 
skeletal densities are different for the three corals (Table 3.3), however the trends in 
these growth parameters do not match the mean coral Sr/Ca variability. 
In this study, the Sr/Ca spread between the three modern corals is termed the 
"inter-reef variability", and, although it has no obvious origin, it must be included in 
the error on mean Sr/Ca estimates from fossil corals. The mean of the three modern 
corals Sr/Ca (and 8180) will be used to normalise the corresponding values for the 
fossil records. Based on the Koil and Muschu Island Sr/Ca data presented here, the 
mean modem coral Sr/Ca is 0.00877, and the inter-reef variability is 0.00001. 
34 
CHAPTER 3: MODERN CORALS 
Calibration 
Sr/Ca in corals is used as a proxy for SST (Smith et al. , 1979; Becket al., 1992; 
McCulloch et al., 1994; Sherr et al., 1996; Alibert and McCulloch, 1997; Gagan et al., 
1998). Sr substitutes for Cain the coral aragonite lattice, and the ratio of Sr/Ca in the 
coral skeleton has an inverse relationship with SST at the time of skeletal formation 
and a direct relationship with the Sr/Ca ratio of seawater (Smith et al. , 1979). The Sr/Ca 
ratio of coralline aragonite differs from that of inorganic aragonite precipitated at the 
same temperature (Weber, 1973; Smith et al., 1979; de Villiers et al., 1994). 
Table 3.5: Comparison of published Sr/Ca-SST regressions for Porites sp .. (Sr/Ca x 103 =intercept-
(slope x SST)). Balded calibrations were applied to the MS01-HR Sr/Ca data in Fig. 3.12. 
Author Species Location Slope Intercept 
Marshall & McCulloch P.lutea Myrmidon Reef, GBR1 -0.0575 10.40 
(2002) 
Marshall & McCulloch Porites sp. Christmas Is, Indian Ocean -0.0593 10.38 
(2001) 
Correge et al., (2000) Porites sp. Amedee, New Caledonia -0.0657 10.73 
Linsley et al. (2000) P.Iutea Rarotonga, Sth Pacific -0.0823 11.57 
Wei et al. (2000) P.lutea Hainan Is, China -0.0817 11.42 
Fallon et al . (1999) P.lobata Shirigai Bay, Japan -0.063 10.76 
Schrag (1999) P.lutea Galapagos Islands -0.0514 10.55 
Crowley et al. (1999) P.lutea Amedee, New Caledonia -0.0614 10.38 
McCulloch et al. (1999) Porites sp. Huon, PNG2 -0.062 10.70 
Sinclair et al. (1998) P. mayeri Davies Reef, GBR1 -0.07 10.80 
Gagan et al. (1998) P. lutea Java, Indonesia -0.0660 10.78 
Orpheus Is, GBR1 -0.0639 10.73 
Dampier, WA3 -0.0616 10.68 
Alibert & McCulloch (1997) P.lobata, Davies Reef, GBR1 -0.0615 10.48 
lutea, mayeri 
Mitsuguchi et al. (1996) P.lutea Ryukyu Is, Japan -0.0608 10.50 
Shen et al. (1996) P.lutea Nanwan Bay, Taiwan -0.0505 10.27 
P.lobata Nanwan Bay, Taiwan -0.0528 10.32 
Min et al. (1995) P. lobata Amedee, New Caledonia -0.0532 8.94 
de Villiers et al. (1994) P. lobata Oahu Is , Hawaii -0.0795 10.96 
Becket al. (1992; 1993) P. lobata Noumea, New Caledonia -0.0624 10.48 
Smith et al. (1979) Porites Pacific, Caribbean, GBR1 -0.0700 10.94 
Mean calibration -0.0636 10.61 
1Great Barrier Reef, Australia 
2Papua New Guinea 
3W estern Australia 
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A central goal of palaeoclimate reconstruction from coral is to produce 
.()'Uantified records of SST and SSS. To achieve this, modem corals and instrumental 
::records are used to calibrate the different proxies, with the ultimate aim to produce a 
_global calibration for each proxy, applicable to corals in a wide range of climate 
settings. To date, twenty Sr/Ca-SST calibration curves have been defined for Porites 
.sp. corals (Table 3.5), and although similar in slope, these equations allow an absolute 
SST range of up to 9°C to be calculated for any given Sr/Ca value (Fig. 3.11). This is 
clearly an unacceptable level of variability for accurate palaeoclimate reconstruction. 
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Figure 3.11: Comparison of published Sr/Ca/SST cal ibrations based on Porites corals. 
Regression equations are given in Table 3.5. These equations give a maximum SST 
range of -9 °( for a given Sr/Ca value. 
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As a first estimate of the most suitable calibration for this study, MS01-HR data 
were normalised and converted to SST using the maximum, minimum and mean 
calibrations shown in bold in Table 3.5 (Fig. 3.12). In comparison to the IGOSS SST, 
all three calibrations show enhanced seasonal amplitude. The least exaggerated is the 
slope of Linsley et al. (2000), but the environment of the coral they studied is quite 
different to that of the Muschu Island corals. The Linsley et al. (2000) coral is from 
Rarotonga in the southwest Pacific, where there is an annual SST range of 4-5°C (mean 
SST 25°C). Growing in 18 m of water, the environment was significantly deeper and 
cooler than at MS01 (water depth 6 m, SST 29°C). In light of these environmental 
differences, even the calibration of Linsley et al. (2000), with its steeper regression 
slope, may not be suitable for the Muschu and Koil corals. 
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Figure 3.12: Comparison of different published Sr/Ca-SST slope calibrations applied to 
MS01-HR Sr/Ca data. All data were normalised to the mean instrumental SST of 29 °(. 
Calibration equations are given in Table 3.5. The mean slope (all studies, green trace), 
the maximum slope (Linsley et al. , 1999, yellow trace), and the minimum slope (Shen 
et al., 1996, blue trace) all exaggerate the seasonal cycle in the Muschu coral, when 
compared to IGOSS SST (red trace). 
MS01-HR alone, although a bimonthly record, is not at sufficient resolution to 
construct a new calibration. There are, however, three other high-resolution Sr/Ca 
corals records from the PNG region; one from Blup Blup Island (Ayliffe et al., in 
press), and two from Huon Peninsula (McCulloch et al., 1996; 1999). Using data from 
these three corals, and MS01-HR, a regional SST-Sr/Ca calibration was constructed. 
The four records were plotted along with monthly 1 o x 1° IGOSS SST data for each 
location (Fig. 3.13). The maximum and minimum SST, and corresponding coral Sr/Ca 
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-values were used for the calibration (filled data points in Fig. 3.13). For MS01 and the 
:Blup Blup corals there were two distinct peaks in the seasonal SST cycle, and a clear 
minimum at the start of the year. The Huon corals had an annual maxima and minima 
jn SST. Linear regressions for each coral were calculated (Table 3.6), as well as a 
c alibration based on all the data (Table 3.6 and Fig. 3.14). Compared to the average 
slope from published calibrations, MS01-HR and the Blup Blup Island corals gave 
Ielatively steep slopes, and the two Huon corals gave relatively shallow slopes. The 
mean PNG slope is somewhat steeper than the average of published calibratjons, 
though not as steep as that of Linsley et al. (2000). 
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Figure 3.13: Comparison of Sr/Ca data from Muschu Island (MS01-HR), Blup Blup 
Island (Ayliffe et al. in press) and Huon Peninsula (McCulloch et al. 1996, 1999) (red 
and yellow traces), with IGOSS SST for their respective 1° grid squares (blue traces) . 
This comparison was used to select maximum and minimum data points in the coral 
Sr/Ca and IGOSS SST records (filled circles) for constructing a regional calibration. 
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Table 3.6: Calibration equations and statistics for Sr/Ca-SST relationships for corals from PNG. (Sr/Ca x 
1 03 = intercept - (slope x SST)) 
SloEe InterceEt Statistics 
MS01-HR -0.093 ± 0.012 11.5 ± 0.3 r = 0.88, n = 20, p < 0.0001 
Blup Blup - 0.080 ± 0.008 11.2 ± 0.2 r = 0.84, n = 43, p < 0.0001 
Huon Walingai -0.054 ± 0.017 10.4 ± 0.5 r = 0. 72, n = 12, p < 0.01 
Huon Sialum - 0.046 ± 0.006 10.3 ± 0.2 r = 0.94, n = 9, p < 0.0005 
All data - 0.075 ± 0.007 11.0 ± 0.2 r = 0.74, n = 84, E < 0.0001 
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Figure 3.14: Sr/Ca-SST regression line (magenta) for data from Muschu Island, Blup 
Blup Island (Ayliffe et al. in press) and Huon Peninsula (McCulloch et al. 1996, 1999). 
The regression equation is Sr/Caatomic x 103 = 11.0 - 0.075 x SST. Statistics are given 
in Table 3.6. This regression equation will be used in this study to convert coral Sr/Ca 
data to SST. 
As a test of the PNG calibration, SST anomalies were calculated for each coral 
and compared to the ISOSS SST anomaly for the same period and location (Fig. 3.15). 
The mean Blup Blup Island coral Sr/Ca-SST is 0.3°C lower than the mean IGOSS SST, 
the Walingai coral Sr/Ca-SST 1.7 °C lower, the Sailum coral Sr/Ca-SST is 1 °C lower, 
and the Muschu Island is 0.9°C warmer. The amplitude of the calculated SST seasonal 
cycle is still enhanced in the Muschu coral, however the PNG calibration represents the 
best estimate of the slope for this region based on all available data from corals living 
in similar fringing reef environments. The following calibration will be used for 
calculating SST anomalies from coral records in this study. 
Sr/Caatomicxl03 = 11.0- 0.075 X SST Equation 3.1 
where Sr/Caatomicx 103 is measured coral Sr/Ca. 
The origin of the difference between coral Sr/Ca-SST calibrations is still 
controversial. Becket al. (1992) suggested that the Sr/Ca in the coral skeletal aragonite 
was inversely proportional to the SST in which it grew. This relationship, though offset 
from that of inorganic aragonite Sr/Ca-SST (see Fig. 3.11 for comparison), was thought 
to be independent the coral ' s growth. Several authors however have questioned this 
assumption (de Villiers et al., 1995; Hart and Cohen, 1996; Cardinal et al., 2001; 
Cohen et al., 2001; Cohen et al., 2002). These authors suggest that a variety of coral 
growth parameters may also control the Sr/Ca in the coral skeleton. 
Some authors have observed lower Sr/Ca with higher extension rate and suggest 
that coral growth, along with SST, plays a role in controlling the Sr/Ca ratio of skeletal 
39 
CHAPTER 3: MODERN CORALS 
material (de Villiers et al., 1995; Cardinal et al., 2001). Other authors have found no 
such relationship with extension rate (Shen et al., 1996; Alibert and McCulloch, 1997; 
Gagan et al., 1998). A link with extension rates is not apparent in the Muschu and Koil 
corals. The Koil Island coral (KL03) shows a sharp change in extension rate (Fig. 3.3 
and Table 3.3), however there is not sufficient Sr/Ca data to test if this has any impact 
on the Sr/Ca-SST relationship. 
It has been suggested that the skeletal Sr/Ca reflects the proportion of daytime 
versus night-time skeletal aragonite formation (Cohen et al., 2001; Cohen et al., 2002). 
According to their model, the Sr/Ca of daytime aragonite is dependant on algal 
symbiont photosynthesis, whereas night-time aragonite precipitation should be SST 
dependent, since the algae are not photosynthesising at this time. Thus, coral Sr/Ca in 
bulk samples is dependent on the daytime calcification rate-SST relationship, and this 
relationship is non-linear over a large SST range (Cohen et al., 2001). The steep slope 
for the regional PNG Sr/Ca-SST calibration (equation 3.1) is consistent with the PNG 
coral calcification occurring primarily during daytime. Given the narrow PNG SST 
range, though, the coral calcification rate-SST relationship should be relatively 
constant, and therefore, meaningful Sr/Ca-SST estimates should be obtained from the 
PNG corals. 
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Figure 3.15: Coral Sr/Ca-SST data compared to IGOSS SST data for Muschu Island 
(MS01-HR), Blup Blup Island (Ayliffe et al., in press) and Huon Peninsula (McCulloch et 
al., 1996, 1999). Sr/Ca-SST was calculated using the calibration from this study 
(equation 3.1 ). The IGOSS SST is from the relevant 1° grid square containing the 
different corals and data are normalised to the mean IGOSS SST for each area. The 
amplitude of the Sr/Ca-SST is still enhanced in the Muschu Island coral, however this 
calibration is probably the best for this region. 
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It has also been suggested that changes in the Sr/Ca of the seawater in which the 
corals grow could also affect the Sr/Ca-SST relationship. Decreasing the Sr/Ca of 
seawater would decrease the coral Sr/Ca (because the corals source their Sr/Ca from 
the seawater), and give a higher reconstructed SST (de Villiers et al., 1994; Shen et al. , 
1996). Sepik River outflow could reduce the seawater Sr/Ca in the Muschu and Koil 
environment. The exaggerated seasonal SST cycle in the Muschu coral could be 
reflecting increased Sepik River outflow, and increased rainfall at this time. The Blup 
Blup coral, however, shows no such seasonal cycle enhancement, despite being located 
much closer to the Sepik river mouth (Ayliffe et al., in press). In addition, analysis of 
coral Sr/Ca in regions with large, seasonal river runoff events show no apparent offsets 
(McCulloch et al., 1994; Gagan et al., 1998; Gagan et al. , 2002). Therefore, riverine 
inputs are unlikely to produce the enhanced seasonal Sr/Ca amplitude in the Muschu 
coral. 
Corals from the north coast of PNG may be particularly useful for investigating 
the influence of biological effects on the coral Sr/Ca-SST relationship. Here, the corals 
experience a narrow range of SST variation (typically 1.5°C), and therefore growth 
effects that may otherwise have been masked by large seasonal SST variability, may 
come to light. Coral MS01 shows a steep Sr/Ca-SST slope over a narrow SST range. 
Most other slopes are calculated over a much larger SST range, and perhaps the 
Muschu data suggest that at the upper extreme of the range of SSTs suitable for coral 
growth, the Sr/Ca-SST relationship is not linear. At the other SST extremity, Fallon et 
al. (1999) also suggest a non-linear Sr/Ca response for corals growing at <18°C. Coral 
Sr/Ca palaeothermometry is clearly not as straight forward as initially thought, and the 
role of coral growth factors in the expression of Sr/Ca needs to be better understood 
before a global calibration can be developed. 
Addressing the coral growth-Sr/Ca-SST issues further is beyond the scope of 
this thesis. However, based on the calibration work presented in this section, a suitable 
calibration has been developed to investigate changes in SST based on data from 
modern and fossil corals from northern coastal PNG. 
~180 reproducibility and calibration 
Reproducibility 
Unlike the Sr/Ca data, the Muschu and Koil coral 8180 data show the same 
pattern of variability and have very similar 8180 means for 1984-1997 (Fig. 3.9, Table 
3.4). In comparison, the 8180 of the Blup Blup Island coral has a negative offset of 
0.3%o from the other data, presumably due to freshwater inputs from the nearby Sepik 
River. The similarity of the Koil and Muschu coral 8180 means suggests that similar 
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processes are controlling the 8180 proxy at these sites, and that a calibration based on 
the high-resolution Muschu coral 8180 data should also apply to the Koil coral ()180 
data. Based on the Koil and Muschu Island data for 1984-1997, the mean 818 0 is 
-5 .48%o. This mean will be used as the baseline for assessing mean changes in the 
fossil coral 8180 results. Using the spread of the mean Muschu and Koil 8180 data, the 
inter-reef variability is ± 0.04%o, and this will be included in the error on the mean 
fossil coral 8180 estimates. 
Factors controlling 8180 
8180 records obtained from corals have been used as proxy records for SST, 
rainfall and ENSO variability (for example Cole et al., 1993; Linsley et al., 1994; 
Quinn et al., 1998). The 8180 signal measured in coral skeletons is dependent on two 
factors: 
(i) the SST when the skeletal material is being precipitated, and 
(ii) the 8180 value of the seawater in which the coral lives (8180 w), 
assuming negligible 'vital effects' (biological/physiological effects 
which may alter coral 8180). 
In many coral studies 8180w is assumed to be constant, and is subtracted from 
the coral 8180 signal (Epstein et al., 1953), leaving the SST component, and a 8180-SST 
relationship is derived. In these cases, SST is assumed to be the dominant process 
controlling 8180. Several coral palaeotemperature equations have been developed based 
on this concept (Table 3.7). 
Table 3.7: Comparison of published 8180-SST calibration equations for Porites sp .. 
Author SEecies Location SloEe InterceEt 
Juillet-Leclerc (2001) Porites sp. Various -0.20 0.45 
Le Bee & Juillet-Leclerc Porites sp. Fiji -0.17 -0.03 
(2000) 
Felis et al. (2000) Porites sp. Nth Red Sea -0.16 0.54 
Suzuki et al.(1999) P. lutea Ishigaki Is, Japan -0.17 -0.61 
Gagan et al.( 1998) P. lutea Orpheus Is, GBR* -0.18 0.15 
Boiseau et a1.(1998) P. lutea Moorea Is, Tahiti -0.15 -0.42 
Wellington et al. (1996) P. lobata Galapagos Island -0.22 0.89 
Quinn et al., (1996) P. lutea New Caledonia -0.19 0.00 
Mitsuguchi et al. (1996) P. lutea Ryukyu Is, Japan -0.13 -1.21 
Carriquiry et al., (1994) P. lobata Costa Rica -0.22 1.36 
McConnaughey (1989) P. lobata Galapagos Island -0.21 0.59 
Mean -0.18 0.15 
*Great Barrier Reef 
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~V 80w is strongly correlated with SSS (Epstein and Mayeda, 1953). This is 
because evaporation of oceanic water masses, as well as making waters more saline, 
also preferentially removes the lighter 160 isotope, leaving the heavier 180 behind to 
increase the 8180w. On the other hand, the lighter 160 is preferentially added to seawater 
by freshwater inputs, such as rainfall and river runoff, which also decreases SSS. 
In areas such as the north coastal region PNG, 8180w is not constant and varies 
with fresh water inputs, which also change the SSS of the marine environment. By 
removing the SST component from the coral 8180 signal the variability due to 8180 w, 
and therefore SSS, can be inferred (Gagan et al., 1998). When 8180 w variability is 
derived from a coral record it is referred to as the oxygen isotope residual (~81 80). 
In this thesis, oxygen isotope records from corals are used to examine changes 
in SSS between the mid-Holocene and the present. il8180 will be examined by 
removing the SST component of the 8180 signal, where SST is measured independently 
by Sr/Ca thermometry. To remove the SST component and calculate il8180 the oxygen 
isotope signal must first be converted to SST using a 8180-SST calibration. This is 
derived in the Calibration section below. 
8180 and salinity from water samples 
To construct a 8180-SST calibration a 8180 w value must be known, or assumed. 
Any variability in il8180, calculated using the 8180-SST calibration would be relative to 
this 8180 w. For the 8180-SST calibration in this study, an estimate of the regional 8180w 
was based on four water samples collected from Muschu Island (Table 3.8, Appendix 
1). These samples have an average SSS of 34.3 ± 0.1 psu (1cr), and are mostly 
representative of regional seawater values, being similar to the published salinity 
estimate of 34.5 for the region (Levitus, 1982), and the salinity estimates of 34.5 psu 
for the Ninigo Islands at 1.75°S, 144.5°E (Table 3.8). The corresponding average 
seawater 8180w for the four Muschu Island samples is 0.31 ± 0.1 (lcr)%o. 
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I able 3.8: Salinity and 8180sMow results. Results in bold were used to estimate 8180w for the 8180-SST 
<:alibration. Salinity measured by A. Suzuki at the Australian Institute of Marine Sciences. 
.SamEle & water deEth Salinit~ (Esu) ()180~(%o) 
::Blup Blup 3-3m deep 26.57 -1.77 
::Blup Blup 3- surface 22.96 -2.65 
::Koil 1 - 8m deep 32.96 -0.14 
::Muschu 1 - 6m deep 34.41 0.17 
::Muschu 1 - surface 34.18 0.33 
::Muschu 2 - 6m deep 34.43 0.40 
Muschu 2 - surface 34.19 0.34 
Muschu 3 - 8m deep 33.66 0.19 
Muschu 3 - surface 33.79 0.03 
Elup Blup 2- deep 32 
Elup Blup 2- surface 28.19 
Ninigo Island- ocean 34.53 
Ninigo Island - lagoon 34.45 
Nini.B.O Island -rainwater 0.02 
Calibration 
The 8180/SST calibration equation was developed using: 
(i) A coral 8180 value of -5.06%o for the average annual maximum 
(usually in January each year), based on 3 analyses from MS01-
HR to define annual 8180 maxima for 1992-1998. At these times 
the Sepik River plume is being blown eastward by NW winds, and 
freshwater inputs are assumed to be at a minimum (rainfall is at a 
minimum McAlpine et al., 1983). At this time, the 8180 of ambient 
seawater should be close to the regional 8180 value. 
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(ii) An average annual SST minimum of 28.3°C, based on IGOSS 
SST, for the years 1992-1998, within the 1° x 1° grid square 
centred on Muschu Island. 
(iii) A 8180-SST slope of 0.18 ± 0.03%o (la) per °C based on the mean 
of the published slopes in Table 3.7. 
(iv) A 8180w of 0.31 ± 0.1%o (10'), which reflects the 8180 value for 
regional seawater with salinity of 34.3 psu. 
The resulting 8180-SST calibration equation is: 
8180 coral(%o) = 0.03-0.18 X SST Equation 3.2 
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where 8180 corai is the measured coral 8180 value, relative to V -PDB, 
and SST is the corresponding IGOSS SST value. It is not possible to 
calculate a correlation coefficient for this equation as the slope is based 
on the average of published slopes (however, the 1cr error has been 
stated above). 
The calibration was also derived using the 1992, 1993, 1997 and 1998 annual 
minima only (and equivalent IGOSS SST), as it was thought perhaps these years would 
provide a more consistent 8180w baseline for establishing the 8180-SST relationship. 
However, this was not the case (Fig. 3.16). In general, the 8180-SST in Fig. 3.16 is 
elevated compared to the IGOSS SST and Sr/Ca-SST for the same period. This 
apparent elevation in calculated SST is due to fresh water inputs into the Muschu Island 
marine environment, and these inputs dominate the 8180 signal, rather than SST. 
Although the use of oxygen isotope ratios from coral assumes no vital effects, it 
is important to note that corals do not precipitate their aragonitic skeletons in isotopic 
equilibrium with ambient seawater. The 8180 of coral aragonite is lower than that 
predicted from inorganic aragonite precipitated in isotopic equilibrium with the 
ambient water (Weber and Woodhead, 1972). Different coral species also have varying 
degrees of isotopic disequilibrium. It has been proposed that the 8180 isotopic 
disequilibrium in corals is primarily caused by kinetic isotope effects (rapid 
calcification), during hydration and hydroxylation of the water and carbon dioxide to 
form a carbonate ion, utilised in skeletal formation (McConnaughey, 1989). Metabolic 
effects (respiration and photosynthetic processes) are thought to only influence carbon 
isotopes (Swart, 1983; McConnaughey, 1989; Swart et al., 1996; Grottoli and 
Wellington, 1999). 
It has been suggested that coral growth and calcification rates can influence the 
8180 signal. Some authors have noted an inverse relationship between skeletal growth 
rate and 8180 (Allison et al., 1996; Leder et al., 1996). However, McConnaughey 
(1989) demonstrated that consistent 8180 records can be achieved by using corals with 
skeletal extension rates exceeding 5 mm/yr. Similar results were obtained by Gagan et 
al. (1998) who investigated oxygen isotope ratios in Porites growing from 12 to 22 
mrnlyr. In addition, Linsley et al. (1999) concluded that the kinetic isotope effect may 
vary between Porites colonies, however it does not vary temporally within a colony. 
Perhaps slight variability in the kinetic isotope effect between individuals is the reason 
for some discrepancies in the 8180 calibration equations seen in the literature. 
Discrepancies may also be due to variations in 8180 w and different sampling methods. 
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Figure 3.16: Muschu Island coral (MS01-HR) 8180 data converted with two different 
8180-SST equations, and compared to Muschu Island IGOSS SST and MS01 Sr/Ca-SST. 
This graph was used to assess which 8180-SST equation gave the best SST estimate 
when 8180w reflects regional values (the beginning of the year). For the first equation, 
termed the "all maxima" calibration (green trace with circles), all the seasonal 8180 
maxima (minimum in fresh water inputs) for 1991-1998 are matched to the equivalent 
IGOSS SST to construct the calibration. In the second equation, termed 
"1992 ,93,97, 98" calibration (blue trace with triangles), the calibration is calculated 
using only the 8180 maxima from 1992, 1993, 1997 and 1998 (the driest four years) 
and corresponding IGOSS SST. 8180-SST traces for both calibrations are above the 
Sr/Ca-SST and the IGOSS SST for most of the year, due to freshwater inputs into the 
Muschu environment. The "all maxima" calibration , however, best reproduces SST 
values when 8180w is closest to regional values, so it will be used as the calibration in 
this study (8180(%o) = 0.03- 0.18 x SST, see equation 3.2). 
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The oxygen isotope residual 
The oxygen isotope residual (~81 80) is used to investigate changes in the SSS 
recorded in the Muschu and Koil Island corals. ~81 80 is calculated by removing the 
SST component from the oxygen isotope signal, and is given by the following equation 
(Gagan et al., 1998): 
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~81 80 = (18180/oT [8180-SST- Sr/Ca-SST] Equation 3.3 
where 8180-SST is the oxygen isotope SST calculated from equation 
3.2, Sr/Ca-SST is the SST derived from the coral Sr/Ca ratio (equation 
3.1), and (18180/oT is the slope of the coral 8180-SST, for this study(-
0.18%o per °C). The changes in ~8180 calculated using this equation 
are relative to the regional 8180 w, as this value was included in the 
8180 -SST calibration intercept. 
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ilo180 in the corals reflects changes in the o180w of the seawater in which the 
coral grew. A number of factors can influence the 0180w including the evaporation-
precipitation balance, riverine inputs into the local environment and mixing of ocean 
water masses with different 0180 values. Ayliffe et al. (in press) related the Blup Blup 
Island coral 8180 residual to freshwater inputs from the Sepik River (lower ilo180) and 
to wind-induced surface mixing (higher ilo180), with the dominant process changing on 
the seasonal scale. The influence of these processes on the Muschu and Koil corals will 
be discussed later in this chapter. Errors in ilo180 have been calculated by combing the 
variability in modern mean coral 8180 with the variability in modern mean coral Sr/Ca, 
as in Gagan et al. (1998). 
Sea surface salinity in the tropical western Pacific generally co-varies with SST 
and ENSO cycles, and is an important variable in this highly coupled system (Maes, 
2000). Since ilo180 is essentially the same as 0180w, any o180w-SSS calibration will also 
be applicable to ilo180-SSS. Using the o180w and SSS data from this study (Table 3.6 
and Fig. 3.17) the following calibration equation was derived: 
0 
~ 
0180sMow(%o) =- 8.7(± 0.3) + 0.26 (± 0.01) X SSS 
(r = 0.99, n = 9, p < 0.001) 
0 
-2 
Equation 3.4 
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Figure 3.17: Salinity and water 8180 values from this study compared to the data of 
Fairbanks et al. (1997) and Aharon and Chappell (1986). Regression line for data 
from this study is o180w(%o) =- 8.7 + 0.26 x SSS. This slope is similar to the other 
regressions and can be used to calibrate modern oxygen isotope residuals. 
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The 8180-SSS slope is remarkably similar to that found by Fairbanks et al. 
( 1997) (0.27%o 8180 per SSS for the central equatorial Pacific) and 0.28%o per SSS for 
.(\180 seawater and SSS data from Huon Peninsula, PNG (Aharon and Chappell, 1986). 
This relationship is applied to the modern corals and fossil corals and is used to 
.explore the precipitation-evaporation balance of the northern coastal PNG region. 
-while the ~8180-SSS relationship is not necessarily constant temporally or spatially in 
lligh latitude regions (Rohling and Bigg, 1998), in the tropics the 8180 of evaporated 
-water (-8.3, Dansgaard, 1964)) is close to that of precipitated water (-7.1%o for PNG, 
:Rozanski et al. 1993), so the ~8180-SSS relationship is unlikely to be too different from 
t:oday. In addition, the 8180 of precipitation in the mid-Holocene tropics are similar 
t:oday (Jouzel et al., 2000). So, changes in SSS calculated from equation 3.4 are likely 
t:o be reasonably reliable in the past, and can be applied to the fossil corals. 
~0180 and SSS at Muschu and Blup Blup Islands 
Given the proximity of Muschu Island to Blup Blup Island and the Sepik River 
mouth, the MS01-HR ~8180 record was compared to the Blup Blup coral il8180 
(Ayliffe et al., in press), for 1991-1996 (Fig. 3.18). IGOSS SST was used to calculate 
.Ll8180 as this eliminated any Sr/Ca calibration errors, thus allowing the magnitude of 
differences in ~8180 to be assessed. Sr/Ca-SST data is used in the next section to 
examine differences in climate process between the two sites. 
Figure 3.18 confirms that SSS is the dominant influence on the Muschu and 
Elup Blup coral 8180. Like MS01-HR, the Blup Blup 8180-SST pattern is also 
exaggerated compared to IGOSS-SST. The Blup Blup 8180-SST has a greater 
amplitude than that of MS01-HR due to its closer proximity to the Sepik River, which 
supplies freshwater to the Blup Blup Island marine environment, and this affects SST 
reconstructed from the coral 8180 (Fig. 3.18b). The influence of the Sepik River is also 
seen in the ~8180 records, where Blup Blup ~8180 peaks are again higher than MS01-
HR (Fig. 3.18c, d. Note inverted axis on this figure: more negative ~8180 values are 
referred to as peaks). 
Figure 3.18c and d also shows the mean open ocean 8180w on the ~8180 scale 
and the mean ~8180 maximum lines for Muschu and Blup Blup. The Muschu line is 
offset from the open ocean line by -0.3%o. This is the same offset as is measured for the 
WPWP versus the open ocean. Blup Blup is offset a further -0.2%o from the Muschu 
line, suggesting that the Blup Blup 8180w baseline is strongly influenced by the Sepik 
River flood plume. This suggests that, while the Blup Blup coral is recording local 
8180 w and therefore SSS variability, Muschu Island has a more regional signal. This is 
probably also true for Koil Island, as the Koil and Muschu 8180 signals are the same 
and there is no significant difference in IGOSS SST between the regions. 
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The MSOl -HR and Blup Blup Ll0180 records have been converted to SSS using 
equation 3.4 (Fig. 3.18e and f) , and show similar offsets to measured SSS differences in 
water samples from the two Islands. SSS at Blup Blup is more variable than at Muschu, 
and there is a different pattern of sub-annual variability at the two sites. 
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Figure 3.18: Comparison of il8180 for Muschu (MS01-HR) and Blup Blup Island 
(Ayliffe et al., in press) corals. (a) and (b) IGOSS SST for each location (solid line) and 
8180-SST (dashed line). (c) and (d) il81BO for both corals. il8180 is calculated using 
the 8180 results calibrated with equation 3.2, and using the IGOSS SST record for each 
location. IGOSS SST was used instead of Sr/Ca-SST to look at the magnitude of ilo1so 
differences without biases due to the Sr/Ca-SST calibration . The blue shaded area 
indicates offset in 8180w between the northern coastal PNG and the open ocean. The 
open ocean 8180w is 0.63%o (0.32%o relative to Muschu Island 8180w), the average 
of open ocean 81BOw measurements from 30°N to 30 os from the NOAA Goddard 
Institute of Space Studies Global Seawater Oxygen-18 Database, available from 
http://www.giss.nasa.gov/data/o18data/ (Schmidt, 1999; Bigg and Rohling, 2000) . 
The green shaded area is the local offset due in 8180w to the Sepik River plume 
influencing the waters around Blup Blup Island. (e) and (f) il8180 converted to SSS 
using equation 3.4. The seasonal SSS variability at Muschu Island is less than that of 
Blup Blup Island. 
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Annual resolution records and long term ENSO variability 
The annually-resolved 8180 records from MS01, MS04 and KL03 for 1984-
1997 all showed more positive 8180 during ENSO warm events, and were responding 
to cooler SST and higher SSS at these times. These records however, are all from the 
post-1976 period, renowned for high ENSO variability. To test the long-term signal 
during times of low ENSO variability, for example from the 1920s to 1940s, the MS01 
8180 record was sampled at annual resolution from 1997 back to 1911 (Fig. 3.19). 8180 
results for MSO 1 for 1911-1997 were compared with IGOSS and GOSTA SST data for 
the Muschu 1 °X1 ° grid, the NIN03 SST Index (an index of SST anomalies in the 
NIN03 region, 5°N-5°S, 150°W-90°W Kaplan et al. (1998)) and the Southern 
Oscillation Index (Fig. 3.12). ENSO warm events, characterised in the western Pacific 
by cooler SSTs and reduced SSS (Allen et al., 1989; McPhaden and Picaut, 1990), are 
reflected by high values for coral 8180 in MSOl. 
The low-ENSO period of the 1920's to 1940's is recorded in the coral 8180 as 
times of low inter-annual variability. The coral 8180 records higher variability post-
1960, 16 years earlier than the 1976 ENSO shift. Ten of the 14 (71 %) El Nifio events 
during 1911-1997 are recorded in the MSO 1 8180 record, where El Nifio events are 
defined when the April-September Southern Oscillation Index is ~-10 (Australian 
Bureau of Meteorology). The same agreement is observed when GOSTA SST is used 
as the proxy for El Nifio events. The coral 8180 shows two El Nifio events occurring a 
year before they are recorded by the SOl (1940-1941 and 1978), one event occurring a 
year after the SOl (1947), and one event is not recorded by the coral (1952-1953). The 
coral 8180 record matches the SOl better than the NIN03 SST Index, and this again 
suggests the 8180 is responding more to rainfalVsalinity/atmospheric variability than 
SST. The SOl may be a better indicator of El Nifio events at the Muschu Island site. 
Overall, the inter-annual variability in 8180 is recording ENSO variability. Positive 
8180 values indicate a warm ENSO event and thus, yearly-resolved fossil coral 8180 
records will be used to identify ENSO events (see Chapter 6). 
Carbon isotopes 
Carbon isotope ratios have been used as qualitative indicators of light received 
by the coral (Fairbanks and Dodge, 1979; Grottoli and Wellington, 1999), and as a 
proxy for riverine inputs into the marine environment (Ayliffe et al., in press). 
Groundwater fluxes into the marine environment may also alter coral 813C (Gagan et al. 
2003). There is general agreement that the coral 813C signal depends on the 813C value 
of dissolved inorganic carbon in the coral's marine environment, and despite some 
kinetic effects , the signal is driven primarily by the response of the coral's 
zooxanthellae to insolation forcing (termed metabolic processes, McConnaughey, 
1989; Allison et al., 1996; Swart et al., 1996). Exactly which metabolic processes are 
50 
CHAPTER 3: MODERN CORALS 
involved is still unclear (Swart et al., 1996; Grottoli and Wellington, 1999). Metabolic 
effects also drive coral growth, so any large growth rate changes are also likely to 
change the 313C. 
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Figure 3.19: Comparison of modern coral (MS01) 3180 (solid line with circles) with 
GOSTA SST (solid line with squares), IGOSS SST (solid line), the SOl (solid line with 
triangles) and the NIN03 Index (solid line with inverted triangles). The original 
instrumental data sets (grey traces) have been rescaled to annual intervals (black 
trace with symbol) . IGOSS and GOSTA SST data is for the 1° grid square centred on 
03.5°S, 143.5°E, which includes Muschu Island. El Nino years (pink bands) are based 
on the April-September Southern Oscillation Index being less than -10 (Australian 
Bureau of Meteorology). The coral records the inter-annual variability in the 
instrumental records (MS01 vs GOSTA SST r = -0.52 cf GOSTA SST vs NIN03 r = -
0.62). 
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Carbon isotope ratios in MSOl-HR show some trends with 3180 and Sr/Ca, 
especially in the earlier parts of the record (Fig. 3.10). However, on the inter-annual 
scale such co-variability is less distinct, especially for coral KL03 (Fig. 3.9c). This 
coral shows a major negative shift in 313C in 1989, corresponding to a sharp increase in 
coral extension rate of 4 mm/yr (Fig. 3.4 and Table 3.3). This increase in extension rate 
was possibly enough to allow kinetically driven effects to dominate over metabolic 
effects in controlling the 313C signal. This is similar to the effect of bleaching on ()13C, 
whereby the bleaching causes a reduction in extension rate, and the opposite trend in 
()13C was observed (Allison et al. , 1996). 
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Interpretation of the 813C signal is not straightforward. There are several factors 
that may influence the insolation and dissolved inorganic carbon reaching the corals, 
including turbidity, cloud cover and river discharge. Ayliffe et al. (in press) used 813C 
as a proxy for river runoff events, and assumed that variations in 813C were driven by 
higher dissolved inorganic carbon entering the water column from the Sepik River, and 
by a reduction in water column light level due to riverine particulate material. 8180 
results suggest that the Sepik River flood plume does not affect the Muschu and Koil 
waters to the same degree, and it is not clear which other factors would dominate the 
813C signal at Koil and Muschu Islands. As a consequence of the complexity of the 813C 
signal, and with no clear calibration with any climate parameter, 813C will not be 
examined further as a climate proxy in the fossil or modern coral records. 
Processes controlling the coral climate signal 
In general, the climate of PNG is described as either 'fairly wet' or 'very wet' 
depending on the time of the year (McAlpine et al., 1983). SSTs in this area are greater 
than 28°C, with little variation throughout the year (Y an et al., 1992). Climate 
processes in PNG do however vary locally, and it is essential to identify which local 
and regional processes are dominating the modern Muschu and Koil coral signals. 
The corals from Blup Blup, Koil and Muschu Islands all show ~8180 signals 
dominated by freshwater inputs. However, the sub-annual variability in ~81 80 at Blup 
Blup and Muschu are different; the Blup Blup record shows two minima per year, 
whereas the Muschu record shows one distinct minimum per year (Fig. 3.18 c and d). 
To examine these patterns further, the MS01-HR and Blup Blup ~8180 and 
Sr/Ca-SST records were stacked (i.e. all values for the same two months were 
averaged), and normalised to the average January Sr/Ca-SST values (Fig. 3.20a) and 
~8180 (Fig. 3.20b). In Fig. 3.20b, ~8180 is plotted so that increased fresh water inputs 
(lower salinity) is towards the top of the graph. The MS01-HR signal is different from 
the Blup Blup record in both Sr/Ca-SST and ~8180. Blup Blup shows cooling, and 
~8180 maxima, indicating less freshwater inputs, in January and July-September. 
MS01-HR shows cooling, and a single ~81 80 maximum (less freshwater inputs) in 
January. 
In the Blup Blup coral, the ~8180 January maximum is because the Sepik River 
flood plume, despite having maximum discharge and therefore hinterland rainfall at 
this time, is being blown away from Blup Blup Island by the dominant northwest 
winds, during the NW season (Ayliffe et al., in press). The Blup Blup July-September 
~81 80 maximum is when the annual rainfall and Sepik River discharge are at a 
minimum, during theSE season (dominant southeasterly winds, see Chapter 2). 
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Figure 3.20: Comparison of annual cycle stack of (a) Sr/Ca SST and (b) ~8180 for 
Muschu (MS01-HR) and Blup Blup Island (Ayliffe et al. in press) corals. Stacks were 
produced by averaging values for the same month for the length of each record. Sr/Ca-
SST and ~81 80 were calculated using the equations of this study. For MS01-HR (blue 
trace) n = 7 years, for the Blup Blup coral n = 19 years. Error bars are + /- one 
standard error. Both Sr/Ca-SST and ~8180 for Blup Blup show pronounced double 
peaks. These are absent in the Muschu coral. 
In contrast, Muschu has only one ~81 80 maximum occurring in January, during 
the NW season. While Muschu Island could also be receiving less Sepik River inputs at 
this time, rainfall is also at a minimum in this area, as suggested by the compiled 
Wewak rainfall records of McAlpine et al. (1983). The compiled Wewak rainfall 
records also show a very similar profile to the MSOl-HR ~81 80 stack. Both records 
show almost constant values throughout the year and both show a brief rainfall 
minimum/~81 80 maximum in January. The Wewak rainfall record is unusual for PNG 
in showing little seasonality, and is the only record in the north coastal PNG region to 
show this pattern. MSOl-HR has a ~81 80 minima during the SE season and this is 
probably reflecting the maximum rainfall during this season. 
The apparent 1-l.5°C difference in Sr/Ca-SST between Muschu and Blup Blup 
Islands (Fig. 3.20) is similar to the difference in the mean Sr/Ca-SST difference 
between these Islands (Table 3.4). This difference is probably not due to SST 
differences between the two Islands (both means are 29 ± 0.2°C) and may due to 
biological influences as discussed earlier. 
To further explore the origins of Muschu ~81 80 variability, MSOl-HR ~81 80 
was compared with two NOAA NCEP Climate Prediction Center (CPC) Merged 
Analysis of Precipitation (CMAP, Xie and Arkin (1997)) gague/satellite rainfall 
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::records centred on 143.75°E, 1.25°S (open ocean) and 143.75°E, 3.75°S (ocean/coast, 
:Fig. 3.21). The MSOl -HR Ll0180 was most similar in timing of the January L\.()180 
:minima to the open ocean rainfall record (Fig. 3.21b). Other features of the L\.()180 
:Profile were also similar to the ocean rainfall record. The fact that there is any 
similarity at all between these records is remarkable, given the large size of the grid 
squares in the CMAP precipitation data (2.5° x 2.5°), and suggests that the Muschu 
coral is recording a regional warm pool precipitation signal, rather than responding 
only to coastal influences. 
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Figure 3.21: Comparison of il<3180 for M uschu (MS01-H R; red lines) with NOAA NCEP 
Climate Prediction Center (CPC) Merged Analysis of Precipitation (CMAP, Xie and Arkin 
1997) gague/satellite rainfall precipitation data (bars) for (a) 143. 75°E, 3. 75°5 and 
(b) 143°E, 1.25°5. Precipitation has been smoothed with a 1 point binomial smoothing 
function (blue traces). Note that the il<3180 y-axis does not equate to the rainfall 
amount on the rainfall y-axis. These axes have been aligned to facilitate visual 
comparison of the records. Variability in the il<3180 is more similar in pattern and 
timing to the equatorial ocean precipitation pattern (a) than the coastal ocean/land 
precipitation (b). 
Upwelling may also influence the Muschu Island coral il<3180 signal. Cresswell 
(2000) reported upwelling of saline, cool water from the New Guinea Coastal 
Undercurrent (NGCUC). The upwelling was driven by northwesterly winds blowing 
during the NW season (November-March), and was observed along the coast, north of 
the Sepik River. These northwesterlies are also responsible for changing the direction 
of the Sepik River flood plume at this time of the year (Ayliffe et al. , in press). The 
54 
CHAPTER 3: MODERN CORALS 
salinity increase from upwelling has the same effect as decreased rainfall on ~8180, so 
it is likely that the Muschu corals are integrating these two influences at the start of the 
year. 
Upwelling may also be playing a role in the Muschu Sr/Ca-SST signal. The 
MS01 Sr/Ca-SST signal generally has one minimum each year (at the beginning of the 
year, Figs. 3.10 and. 3.20a). In contrast, the IGOSS SST record for this region shows 
two SST minima of approximately the same magnitude, one at the start and one in the 
middle of the year (Fig. 3.10). While calibration issues may be obscuring the Sr/Ca-
SST signal, the Muschu corals, being closer to the coast, may be recording additional 
start-year cooling from upwelling of cooler water (Cresswell, 2000), which occurs at 
this time of year, making the mid-year cooling seem relatively less. 
Though initially the Muschu and Blup Blup ~8180 records appeared to be 
different, both are responding to wind-induced changes in freshwater inputs. At 
Muschu Island wind-induced upwelling is enhancing the effect of the regional rainfall 
minimum, giving a single ~8180 minimum. At Blup Blup Island the prevailing winds 
reduce the rainfall in one season, and change the flood plume path in the other. These 
factors produce the two minima in the Blup Blup ~8180. 
In general, the Muschu coral reflects regional rainfall changes, and, during the 
NW season a combined rainfall/upwelling signal. The Muschu coral geochemical 
signal is somewhat less complex than Blup Blup and this bodes well for interpretation 
of the fossil coral records. 
CONCLUSIONS 
Modern coral Sr/Ca and 8180 data were presented in this chapter. These data 
were used to establish sampling methods to apply to the fossil corals. The following 
points highlight the primary conclusions of this chapter and then implications for 
palaeoclimate reconstruction: 
• Comparison of the density banding in a Muschu Island coral with 
seasonally resolved 8180 data from that coral, and satellite SST data 
showed that one high and low-density couplet was deposited per year. The 
data also showed that the transition from high to low-density occurred in 
January, at the same time as the annual maximum in 8180, and the annual 
minimum in satellite SST. Thus, the density bands equate to one year's 
growth, and the transition from high to low-density can be used to define 
the start and finish of annual growth in the fossil corals. 
• Three modern corals, two from Muschu Island and one from Koil Island, 
were analysed for Sr/Ca and 8180 at annual resolution for the period 1984-
1997 to assess reproducibility of proxy signals between Porites lutea corals 
from different Islands. The Sr/Ca mean for the three corals for this period 
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was 0.00877, and the Sr/Ca spread between the three corals was 0.00001 
(equivalent to± 0.7°C). The 8180 mean for the three corals for this period 
was -5.48%o, and the 8180 spread between the three corals was 0.04%o. The 
Sr/Ca and 8180 means for the three corals will be used as the baseline from 
which to compare fossil coral Sr/Ca and 8180 results. The spread between 
the Sr/Ca and 8180 data for the three corals is termed the inter-reef 
variability and will be included in the error of mean Sr/Ca and 8180 for the 
fossil corals. 
• One Muschu Island modern coral was analysed at seasonal resolution for 
Sr/Ca and 8180 for 1991-1997. The coral Sr/Ca data was similar to seasonal 
variability in satellite SST. The Muschu coral Sr/Ca data was then 
combined with Sr/Ca coral datasets from Blup Blup Island and Huon 
Peninsula, PNG to develop the following Sr/Ca calibration: 
Sr/Caatomicxl03 = 11.0-0.075 X SST 
• The Muschu Island modem coral seasonal 8180 data was used to develop an 
8180-SST calibration. The 8180-SST calibration, given below, was used as a 
step in calculating ~81 80: 
8180 coraJ(%o) = 0.03-0.18 X SST 
• Seawater samples from Blup Blup, Koil and Muschu Islands were 
measured for both 8180 and SSS, and the data was used to construct the 
8180 w-SSS calibration below. Since ~8180 is a measure of 8180 w this 
equation can be used to reconstruct SSS from ~8180. 
8180 w(%o) =- 8.7 + 0.26 X SSS 
• The three equations above will be applied to the fossil coral Sr/Ca and 8180 
data to reconstruct SST, ~81 80 and SSS. 
• 8180 was measured at annual-resolution (one sample per year) in a Muschu 
Island coral for 1911-1997 AD. The 8180 data were compared to 
instrumental records for the same period and the records showed similar 
inter-annual variability. El Nifio events were recorded as more positive 
excursions in the annually resolved Muschu Island coral 8180 record. 
• Seasonally resolved Sr/Ca data for the Muschu Island coral were converted 
to SST. The Sr/Ca-SST record showed cooling in January, and is probably 
reflecting coastal upwelling, driven by the prevailing northwesterly winds 
at this time. The Sr/Ca data and seasonally resolved 8180 data from the 
same coral were used to calculate ~81 80. The ~81 80 maximum in January is 
probably reflecting a combination of coastal upwelling of more saline 
waters, and the annual rainfall minimum at this time. The ~81 80 mid-year 
minimum is most likely due to higher rainfall during theSE season, when 
southeasterly winds prevail. Apart from the additional January upwelling 
signal, the coral ~81 80 record is more like open ocean than coastal rainfall. 
CHAPTER 4 DIAGENESIS IN FOSSIL CORALS 
INTRODUCTION 
Like other carbonate palaeoclimate archives, corals undergo diagenesis, and for 
palaeoclimate reconstruction it is often a matter of assessing how well the corals are 
preserved. Diagenesis is the precipitation of secondary aragonite or calcite in skeletal 
voids, or the replacement of skeletal aragonite, usually with calcite (Bathurst, 1975). If 
even a small amount of diagenetic material is included in a coral, then the resulting 
climate reconstruction may be rendered inaccurate. This is because isotopes and trace 
elements are exchanged and removed during the diagenetic transformation, changing 
the geochemistry of the coralline matrix. 
An increasing number of proxy climate records are being produced from sub-
aerially exposed corals of the Holocene and Last Interglacial age, which may be subject 
to diagenesis, primarily in the vadose zone (McCulloch et al., 1996; Hughen et al., 
1999; McCulloch et al., 1999; Woodroffe and Gagan, 2000; Tudhope et al., 2001; 
Woodroffe et al., 2003). If diagenesis occurs in the vadose zone, corals are most likely 
to transform to calcite. Several authors have devised screening methods, involving X-
ray diffraction (XRD) and petrographic analysis, to avoid sampling corals affected by 
diagenesis (Guilderson et al., 1994; McCulloch et al., 1996; Esat et al., 1999; Hughen 
et al., 1999; Woodroffe and Gagan, 2000; Guilderson et al., 2001; Tudhope et al., 
2001). However, only a limited number of studies quantify the effect of diagenesis on 
coral climate proxies. Most of the numerous studies on diagenesis focus on 
geochemical changes in carbonate stratigraphic sequences, from a variety of facies, 
which have often undergone several phases of diagenesis (Bathurst, 1975; Arthur et al., 
1983; Schroeder and Purser, 1986). Of those works that have examined the diagenetic 
effects on coral proxies, most investigated diagenetic processes, rather than exploring 
the palaeoclimatic implications of these diagenetic transformations (Siegel, 1960; 
Harris and Matthews, 1968; Martin et al., 1986; Zhu et al., 1988; Zhu, 1990; Stein et 
al., 1993; Zhu et al., 1994). 
The palaeoclimatic implications of diagenesis in vadose zone fossil corals are 
quantified in this chapter. Oxygen and carbon isotopes and Sr/Ca have been measured 
in aragonite-to-calcite transects from two mid-Holocene Porites sp. corals. These corals 
were periodically sub-aerially exposed in the intertidal zone of Muschu Island, Papua 
New Guinea. XRD and petrographic analysis of thin sections have been used to match 
diagenetic textures and percentage of calcite with geochemical results for the corals. 
The results show that diagenesis gives lower Sr/Ca and stable isotope ratios. By 
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converting these ratios to SST, the consequences of calcite diagenesis for 
palaeotemperature estimates have been explored. In addition, XRD and thin section 
results from all fossil corals discussed in Chapters 4 and 5 are presented. These results 
show no significant diagenesis in the corals. A publication based on this Chapter is 
presented in Appendix 4 (McGregor and Gagan, 2003). 
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Figure 4.1: Location of the coral collection sites at Morock and Rebiew Bays, Muschu 
Island, PNG (red text). 
METHODS 
Two fossil corals from Muschu Island (Fig. 4.1) were selected for geochemical 
and petrographic analysis of diagenesis. The two Porites sp. corals were drilled from 
the uplifted reefs at Rebiew (FM19) and Morock (FM08) Bays (Fig. 4.1). These two 
corals were chosen due to their obvious transition from aragonite to calcite, and 
seemingly good preservation of aragonite away from the transition zone. The two 
corals are eroding out of different environments; FM19 was from a vegetated sandy 
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soiVcoral rubble setting, and FM08 was surrounded by beach sand. Coral FM19 is 2 m 
high and 1.5 m in diameter. Halfway down the 1.1 m core is an 80 mm-transition zone 
from aragonitic to calcitic material (Fig. 4.2). A 0.2 m long core was drilled from 
specimen FM08, a 1.3 m high coral with a diameter of 1.6 m. The base of the core was 
calcitised with 1-3 mm patches of calcite visible from 30 mm above the base of the 
coral (Fig. 4.2). Modern coral MS01, from Cape Saum, Muschu Island was used for 
comparison with the fossil corals. 
FM19 FMOB 
Top 
l 
Scm 
Figure 4.2: X-ray positive images showing diagenesis in corals FM08 & FM 19. Dark, 
high-density patches indicate the presence of secondary calcite. Calcite patches are 1-
3 mm in diameter in FM08 and, in FM 19, the calcite forms a distinct zone. Grey boxes 
show sampling transects used for geochemical analysis. Grey line on FM08 shows the 
location of high-resolution sampling transect. Note the faded density band halo around 
the calcitic area in FM 19. 
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Seven millimeter thick slices were taken from coral cores FM08 and FM19 
along the main growth axis. A dentist drill with a stainless steel circular bit was used to 
collect samples for geochemistry and XRD from the slices, along the aragonite-to-
calcite transects (Fig. 4.2). The mirror image face of one side of the slice, on the off-cut 
of the core, was used to prepare standard 50-100 11m thick, 60 x 20 mm petrographic 
thin sections. This strategy allowed geochemical and XRD results to be matched as 
closely as possible to features identified in thin section. Additional -100% aragonite 
and -100% calcite samples were collected from each coral, sampling away from the 
original transect. All slices were ultrasonically cleaned prior to sample collection. 
A second 7 mm thick slice was cut from FM08 and annual samples were taken, 
with years defined by the transition from a high to a low density band, as seen in the 
coral X-ray (Fig. 4.2). XRD and thin section analysis of five of these samples, along 
with the X-ray prints and visual inspection, revealed traces of calcite. Four of these five 
samples were milled at near-weekly resolution (0.25 mm per sample) using the 
automated micro-milling system described in Gagan et al. (1994). 
Approximately 100-200 mg of coralline powder from each sample was used for 
XRD analysis. Samples were ground under ethanol to approximately 25 ~m. and 
smeared onto a glass slide. The slides were analysed on a Sietronics Diffractometer 
with the Cobalt X-ray tube on 90% loading (30 rnA, 50 mV) and scanned from 29 of 
20° to 60°. The percent aragonite and calcite in each sample was estimated using 
SIROQUANT v. 2.5 software utilising the Rietvelt method for analysing diffraction 
peaks. Errors on estimates of percent calcite are ± 2%. 
Sr/Ca and o180 measurements were undertaken using the high-resolution 
sample methods described in Chapter 2. Measurement of Sr/Ca internal standards gives 
precision of ± 0.08% (2cr). Except for the high-resolution samples from FM08, o180 
and o13C were measured on duplicate samples, with the standard error on the duplicates 
of 0.02%o for FM08, and 0.07%o for FM19. 
RESULTS 
In thin section, well-preserved fossil corals should show all the skeletal features 
of modern corals, as well as an absence of void filling or cement formation by calcite 
or secondary aragonite (Constantz, 1986). An example of good preservation in a fossil 
coral is presented in crossed polarised light in Fig. 4.3b. For comparison, a modern 
Porites lutea coral (MS01) is shown in Fig. 4.3a. Both images show excellent 
preservation of centres of calcification (central thin dark line arrowed in Fig. 4.3a and 
b), with no evidence of replacement by calcite. The radiating fans of the sclerodermites 
are clearly visible, as are the dissepiments. No borings, sediment infillings or cements 
are present and there is minimal leaching. These images show that it is possible to find 
well-preserved fossil coral from these Muschu Island sites. 
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Figure 4.3: Comparison of (a) well preserved modern coral, (b) well preserved fossil 
coral and (c) fossil coral containing 3-5% calcite. All images are of corals under 
crossed polarised light. Arrows in (a) and (b) point to centres of calcification. Arrow in 
(c) shows calcite rims growing into voids. The darker colour of the coralline aragonite 
in (c) is due to dissolution, most obvious along the centres of calcification. 
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Figure 4.4: Comparison of fossil coral with (a) 10-30% calcite, (b) 40-60% calcite and 
(c) 75-100% calcite. All images are of corals under crossed polarised light. Arrows in 
(a) indicate single crystal void filling calcite. Arrow in (b) shows a neomorphic calcite 
front. Note the single calcite crystal at top right and the dissolution of remaining 
aragonite. Near complete neomorphic transformation of skeletal aragonite to calcite 
and calcite void filling is shown in (c) . 
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Fossil corals FM19 and FM08 show a variety of textures as they convert from 
aragonite to calcite (Fig. 4.3c and 4.4). As the amount of calcite increases (measured by 
XRD), the thin section textures observed for each coral change in similar and 
characteristic ways. With 3-5% calcite, the corals develop "chalky" zones and show 
increased leaching (black patches, Fig. 4.3c), particularly at the centres of calcification. 
Calcite material is precipitated as a void-filling rim about 0.1 mm thick. At 10-30% 
calcite (Fig. 4.4a), leaching is more extensive to the point where calcification centres 
have been removed. Thin micritic rims are present, and some voids are filled with 
single crystal calcite spar. With 40-60% calcite (Fig. 4.4b ), aragonite is replaced with 
calcite without destroying the gross coral morphology (neomorphism, Bathurst (1975)). 
This replacement occurs at a diagenetic front, a zone where the transformation of 
aragonite to calcite occurs across a thin film of water separating the two minerals. In 
addition, a mosaic of calcite spar may also replace the skeletal material. This spar is 
likely to be filling the space left by the dissolution of the coral. Micritic calcite rims are 
present where voids have not been filled with single crystal calcite spar. At 75-100% 
calcite (Fig. 4.4c), complete replacement of the aragonite skeleton has occurred and 
almost all voids are filled with single crystal calcite spar. Primary skeletal elements are 
preserved as "ghosts" of the original texture. 
Sr/Ca for corals FM08 and FM19 decreased systematically as a function of the 
amount of calcite present in the sample (Fig. 4.5a). This trend holds true irrespective of 
the site from which the corals were collected. Least-squares regressions for both corals 
give similar slopes (Fig. 4.5a) and high correlation coefficients (r = -0.99, both corals). 
The similarity of the Sr/Ca-calcite slope relationships suggests that the composition of 
the calcite is essentially the same at both sites. The weighted mean regression for the 
Sr/Ca-calcite relationship in Fig. 4.5a is 
Sr/Caatomicx103= 8.79 (± 0.0817)- [6.69 (± 0.00193) x% calcite] Equation 4.1 
(r = -0.99, p < 0.001, n = 21) Extrapolation to 100% calcite gives a 
Sr/Ca of 0.0021 ± 0.00015. 
8180 values for both corals are also negatively correlated with the percentage of 
calcite (r = -0.97 for FM08 and r = -0.99 for FM19), with similar 8180-calcite slopes 
(Fig. 4.5). The weighted mean regression is 
8180 = -5.2(± 0.07)- [0.029(± 0.002) x% calcite] 
(r = -0.97, p < 0.001, n = 21) 
Equation 4.2 
As for Sr/Ca, this trend is independent of coral location. Extrapolating to 100% 
calcite gives a 8180 value of -8.1 ± 0.1%o. Some samples with up to 5% calcite have 
8180 values similar to those of non-diagenetic fossil and modern corals. This similarity 
is attributed to variability in the 8180 values of coral aragonite, as indicated by the grey 
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-"~Jar on each graph (Fig. 4.5), and to the uncertainty in the XRD measurements at low 
~alcite percentages. 
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Figure 4.5: Comparison of (a) Sr/Ca, (b) 8180, and (c) 813C in coral FM08 (L\.) and 
coral FM19 (0 ). Solid lines show least-squares regressions for FM08 (green) and 
FM 1 (blue); dashed line indicates weighted mean regression for Sr/Ca and 81BQ. The 
Sr/Ca weighted mean regression is Sr/Caatomic x1 03= 8.79(± 0.0817) - [6 .69(± 
0.00193) x% calcite]. The 8180 weighted mean regression is 8180 = - 5.2(± 0.07) 
- [0.029(± 0.002) x% calcite]. The FM08 8 13C regression is 813( = -1.3(± 0.2)-
[0.012(± 0.007) x% calcite] . The FM 19 813C regression is 813( = -0.1 (± 0.3)-
[0.1 03( ± 0.007) x % calcite]. Vertical orange stippled bar shows the range of values 
for modern and fossil coral aragonite samples from PNG. 
There is also a strong relationship between 813C and the percentage of calcite in 
corals FM08 and FM19, however, unlike Sr/Ca and 8180, the 813C signals differ 
between the two coral sites (Fig. 4.5c). FM19 shows a negative trend in 813C with 
increasing calcite, whereas the calcite in FM08 gives essentially the same 813C as the 
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primary aragonite. The correlation coefficient for 813C and percent calcite is much 
stronger for FM19 (r = -0.98) than for FM08 (r = -0.61). The regression equations are: 
FM19 
813C = -0.1(± 0.3)- [0.103(± 0.007) x% calcite] 
(r = -0.98, p < 0.001, n = 13) 
FM08 
813C = -1.3(± 0.2)- [0.012(± 0.007) x% calcite] 
(r = -0.61, p < 0.1, n = 8) 
Equation 4.3 
Equation 4.4 
FM08 shows a particularly large spread in 813C values for samples with less 
than 5% calcite, as large as that for non-diagenetic modern and fossil corals. 
Regression lines give 100% calcite o13C values of -2.5 ± 0.6%o for FM08 and a much 
lower value of -10.4 ± 0.5%o for FM19. 
DISCUSSION 
Vadose-zone diagenesis 
Diagenetic textures in carbonates can give clues regarding the physical and 
geochemical environment in which diagenesis has occurred. Petrographic analysis of 
fossil corals is an effective way of recognising diagenesis, identifying the diagenetic 
setting and assessing the potential geochemical implications of the diagenesis. For the 
Muschu Island corals, the early leaching identified in thin sections probably occurs 
through interaction with meteoric water under-saturated with respect to CaC03 
(Longman, 1980). "Chalky" aragonite is a dissolution texture often developed in 
association with precipitation of single-crystal calcite (eg., James, 1974; Pingitore, 
1976; Marshall, 1983). The texture is thought to occur in areas saturated with water, 
such that dissolution occurs at a greater rate than calcite precipitation (eg., James, 1974; 
Pingitore, 1976; Marshall, 1983). The "chalky" zones in the Muschu Island corals are 
interpreted as small-scale water saturation zones within the coral, in a vadose setting, 
rather than in a meteoric phreatic environment. The vadose zone "is the subaerial zone 
lying below the land surface and above the zone of saturation or water table" 
(Longman, 1980). 
Precipitation of calcite into voids, fabric-selective replacement of aragonite 
skeletal material, and neomorphism are all characteristic features of coral undergoing 
diagenesis in a vadose environment (James, 1974; Bathurst, 1975; Longman, 1980; 
Martin et al., 1986). Longman (1980) notes that, in the vadose zone, cement 
distribution and morphology reflects the patchy distribution of water within the 
available pore spaces, with the calcite sourced from aragonite dissolved from the 
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::!lurrounding coral (James, 1974; Bathurst, 1975; Longman, 1980). The Muschu coral 
c:.:ements are usually large single crystals bounded by dissepiments and skeletal walls 
( Fig. 4.4), suggesting that dissolution of surrounding aragonite has occurred. Water has 
j)robably been present in these areas for a significant period, though the corals have not 
:11ecessarily been completely saturated. This interpretation of coral diagenesis in a 
:meteoric vadose environment is consistent with field observations of the corals eroding 
:from onshore environments on Muschu Island. 
(;eochemistry 
On average, the Sr/Ca in the Muschu Island corals decreased from 0.0088 to 
0.0021 as the calcite content increased from 0 to 100%. The Sr/Ca of inorganic 
carbonate depends on the Sr/Ca partition coefficient, Dsr> and the Sr/Ca of the 
precipitating solution (Kinsman and Holland, 1969; Veizer, 1983) as follows: 
Sr/Cacarbonate = Dsr X Sr/Casolution Equation 4.5 
The partition coefficient for Sr in carbonate varies with temperature, the 
carbonate phase and kinetic factors such as precipitation rate (Kinsman and Holland, 
1969; Veizer, 1983). Reported values of Dsr for calcite vary from 0.016 to 0.14 
(Kinsman and Holland, 1969; Katz et al., 1972; Lorens, 1981; Veizer, 1983; Morse and 
Bender, 1990; Tesoriero and Pankow, 1996). The reported value for Dsr for aragonite to 
calcite transformations is 0.05 (Katz et al., 1972), whereas Dsr for aragonite 
precipitation is 0.9 to 1.2 (Veizer, 1983). Thus, regardless of the absolute value of the 
calcite Dsr> calcite will have lower Sr/Ca than the water from which it precipitates and 
the aragonite precipitated in equilibrium with the same water. 
The Sr/Ca of meteoric waters is a function of the Sr/Ca of dissolving carbonate 
and the degree of closure of the diagenetic system. In a closed diagenetic system, 
initially the meteoric water will take on the Sr/Ca of the first carbonate material 
dissolved. The resulting calcite will have a ratio given by equation 4.5. With time, and 
continued dissolution and precipitation, the excess Sr relative to Ca from each 
precipitation will accumulate in the meteoric water, because the Dsr for calcite is less 
than unity. When equilibrium is reached, the maximum Sr/Ca in calcite will be that of 
the dissolving carbonate phase (Kinsman, 1969; Veizer, 1983). In open systems such as 
coral reefs however, the fluid flow is high so there is no accumulation of Sr/Ca in the 
meteoric water and Sr/Ca of calcite is likely to always be the same as that of the first 
carbonate dissolved (Kinsman, 1969), but given the porous nature of the Muschu Island 
corals examined in this study, and the high regional rainfall, calcite is unlikely to be 
precipitating in a completely closed system. 
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The 8180 of diagenetic calcite is determined by the ratio of moles of oxygen 
derived from dissolving carbonate (aragonite) and in the meteoric water (Gross, 1964; 
Allan and Matthews, 1982). However, the water flow rate is generally much greater 
than the rate of dissolution, thus the 8180 of carbonate precipitated in vadose 
environments reflects the 8180 of the meteoric water. Using the inorganic calcite 
equilibrium precipitation equation of O'Neil et. al.. (1969), the 8180 for the meteoric 
water from which the Muschu Island coral calcite was precipitated was approximately 
-6.3%osMow• which is similar to the average 8180 values of -7.1 %osMow for modern 
precipitation in PNG (Rozanski et al., 1993). 
The change in calcite 813C during the aragonite to calcite alteration process is 
dependent on the 813C of the meteoric water from which the calcite is precipitated 
(Gross, 1964; Allan and Matthews, 1982). 813C is dependent on the ratio of the moles 
of carbon from the dissolving coralline aragonite and, if covered with soil, the 813C of 
soil-gas C02 derived from plant respiration and organic matter decay (Gross, 1964; 
Allan and Matthews, 1982). Soil-gas C02 is depleted in 13C relative to marine dissolved 
inorganic carbon so calcite derived from this source has a lower 813C value than the 
original marine carbonate (Allan and Matthews, 1982). Thus, the variability in 813C of 
calcite in Muschu Island corals reflects the degree of soil formation in their respective 
environments. Rebiew Bay (FM19) is a more vegetated site, with a thin soil horizon 
above the corals before they are exposed. In contrast, fossil corals from Morock Bay 
(FM08) are exposed from beneath beach sand, thus percolating waters would dissolve 
very little soil-gas C02 and 813C should show minimal changes. This explains why the 
813C values for 100% secondary calcite in coral FM19, from the well-vegetated Rebiew 
Bay, are much lower (-10.4%o) than that for calcite in coral FM08 from Morock Bay 
(-2.5%o). 
Diagenesis, palaeothermometry and palaeoclimate reconstruction 
When converted to a palaeotemperature signal using the average slope of 
several calibrations for coral Sr/Ca (Beck et al., 1992; Min et al., 1995; Shen et al., 
1996; Alibert and McCulloch, 1997; Gagan et al., 1998) and 8180 (McConnaughey, 
1989; Leder et al., 1996; Quinn et al., 1996; Wellington et al. , 1996; Muller et al., 
2001 ), diagenesis in the two Muschu Island corals has a greater impact on estimates of 
SST from Sr/Ca (Sr/Ca-SST) than on those derived from 8180 (8180-SST) (Fig. 4.6). 
Based on results from both Muschu corals, the apparent change in temperature for the 
aragonite-calcite transformation is Sr/Ca-~SST = 1.15 (± 0.03)°C (r = 0.99, p < 0.001 , 
n = 21) and 81 80-~SST = 0.14 (± 0.01tC (r = 0.97, p < 0.001, n = 21) per percent 
calcite. The smaller shift in 8180-SST reflects the smaller impact of differences in 8180 
between meteoric water, dissolved aragonite and precipitated calcite. The large shift in 
Sr/Ca-SST is due to the Dsr of calcite giving much lower Sr/Ca relative to aragonite. 
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l'hus, calcite diagenesis in the vadose environment will always produce Sr/Ca-SST 
e stimates higher than those derived from original coral aragonite, assuming an open 
~ystem. SSTs estimated from 0180 values may be warmer or colder depending on the 
..8180 of meteoric water, which is in turn dependent on the 0180 of tropical rainfall, with 
:its regional differences in isotopic composition. 
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Figure 4.6: Diagenetic changes in o180 and Sr/Ca expressed as a change in SST. All 
data were converted to SST using the average of published Sr/Ca and 0180 SST slopes 
(see text). (a) Weighted mean linear regressions for 0180 (+ ) and Sr/Ca (D ) for 
corals FM08 and FM 19 at Muschu Island. Regression lines are Sr/Ca-ilSST (0 C) = 
1.15(± 0.03) x% calcite, (r = 0.99, p<0.001, n = 21 ); 0180-.<lSST (0 C) = 0.14(± 
0.01) x% calcite, (r = 0.97, p<0.001, n = 21) (b) Comparison of SST regressions 
for th is study (solid lines) with those for various coral species with varying percentages 
of vadose-zone calcite (dashed lines). 0180-.<lSST regression for Martin et al. ( 1986, 
V' ), Stein et al. (1993, ffi ), and Wei et al. (1998, x ). Sr/Ca-ilSST regression for Seigel 
(1960, .<l), Zhu (1990, 0 ), Zhu et al. (1988, r&l ), and Zhu et al. (1994, ). Bars at 
100% calcite represent the range of calcu lated end-member Sr/Ca-ilSST (upper 
vertical line) and calcu lated end-member o180-.<lSST (lower vertical line). 
In order to judge the potential impact of vadose-zone diagenesis on coral 
palaeothermometry, the potential range of values for Sr/Ca in vadose-zone calcite were 
calculated, see Fig. 4.6b. The range in calculated end-member Sr/Ca-ilSST accounts 
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for the range of reported Dsr' assuming the initial meteoric water Sr/Ca was 0.0088, the 
average Sr/Ca of modern corals from Muschu Island. The end-member Sr/Ca-dSST 
ranging from 130 to 149°C, which is somewhat warmer than the 100% calcite Sr/Ca-
dSST of 115°C for the Muschu data. This is most likely due to an underestimate of the 
Sr/Ca for meteoric water in the calculated end member, as the Muschu Island meteoric 
water may have picked up additional Sr from other carbonate sources in the overlying 
soil and beach sand. There may also have been some degree of system closure in the 
corals. 
A range of end-member 8180 calcite values was calculated using the maximum 
8180 range of 1%osMow to -8%osMow for tropical rainwater (Rozanski et al., 1993) (Fig. 
4.6). 8180 calcite was calculated using the calcite precipitation equation of O'Neil et al. 
(1969). This gave a 0180 calcite range of -0.8%o to -9.8%o. The calcite 0180 value for 
Muschu calcite ( - 8.1 %o) falls near the lower end of this range, which is to be expected 
given that PNG rainfall is highly depleted in 180 (Rozanski et al., 1993). This result 
confirms that the main factor controlling the 8180 of diagenetic calcite at Muschu 
Island is the 8180 of rainfall. From the range of calculated 8180 calcite values, 8180-SST 
values relative to modern Muschu Island coralline aragonite were determined (end-
member 8180-dSST). The end-member 8180-dSST ranges from -23°C to 21 °C (Fig. 
4.6b). 
The trends in the Muschu data and the calculated end-member values were also 
compared to those reported in the literature for corals undergoing diagenesis in the 
vadose zone (Fig. 4.6b ). These literature data are for Huon Peninsula, PNG (Zhu et al., 
1988; Zhu, 1990; Stein et al., 1993; Zhu et al., 1994), Florida Keys (Siegel, 1960; 
Martinet al., 1986) and Nansha Islands, China (Wei et al., 1998). Despite the variety of 
locations, ages and species of coral examined in the literature studies, alteration of 
coralline aragonite to calcite always gives lower Sr/Ca (warmer SST), and there is little 
variability in the slopes of regressions of Sr/Ca-SST vs % calcite. Literature 8180-dSST 
data show similar results to the Muschu data. These data plot are at the upper end of the 
range defined by the calculated end-member 8180-dSST. All the locations of these 
studies receive isotopically light monsoon rainfall (Rozanski et al., 1993) and the 
calcite 8180-dSSTs reflect this. 
Based on all the data presented in Fig. 4.6b, the range of slopes for the change 
in Sr/Ca-SST is 1.1 to 1.5°C per percent calcite. The range in slopes for the change in 
8180-SST is -0.2 to 0.2°C per percent calcite, depending on the 8180 of the water from 
which the calcite is precipitated, showing that Sr/Ca-SST is at least five times more 
sensitive to diagenetic changes than 8180 -SST. The relationship presented for Sr/Ca-
dSST per percent calcite can be used to correct Sr/Ca-SST palaeo-data and, if a 
precipitation 8180 value for a given location is assumed, the same can be done for 8180-
SST. 
Several recent studies (Gagan et al., 1998; Hughen et al., 1999; McCulloch et 
al., 1999; Tudhope et al. , 2001) have reported warmer than present SSTs for Holocene 
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.and Last Interglacial corals, based on Sr/Ca thermometry (Fig 4.7a). These studies have 
.also reported changes in 8180. In order to investigate the potential impact of diagenesis 
<>n these results, we have assumed a scenario where all the apparently warmer Sr/Ca-
SSTs have resulted from distortions due to calcite diagenesis rather than actual 
-warming due to climate change. The Sr/Ca-L1SSTs were converted to an equivalent 
::Percent calcite, and, using a two end-member mixing equation, the range of 8180 
deviations due to diagenesis was calculated (Fig. 4.7b). Relative to the observed 8180 
<lata (Fig. 4.7c), the diagenetic 8180 deviations are negligible. The measured 8180 in 
fossil corals are too large to be much altered by diagenesis: climate variability is the 
most likely explanation. Thus, although Sr/Ca-SSTs may be highly susceptible to 
diagenetic changes and questions remain over the calculation of mean SSTs from this 
proxy, 8180 is a robust palaeoclimatic tracer not easily affected by calcite diagenesis. 
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Figure 4.7: Impact of diagenesis on coral Sr/Ca-SST and 8180 values reported for mid-
Holocene and Last Interglacial corals. T = Tudhope et al. (2001 ); G = Gagan et al. 
(1998); G-unpub = Gagan unpublished resu lts; MG-unpub = McGregor unpublished 
resu lts; H = Hughen et al. (1999); M = McCulloch et al. (1999). (a) Difference in 
Sr/Ca-SST between modern and fossil corals from the same location, as stated in the 
studies listed above. L1SSTs are calculated using the quoted calibrations or, for 
unpublished results, using the calibration of Gagan et al. ( 1998). (b) 8180 deviations 
due to diagenesis, assuming the warming indicated by coral Sr/Ca is due to secondary 
calcite in the sample. Firstly, from the Sr/Ca-L1SST in panel (a) an equivalent 
percentage of calcite was calculated using the mean of the range of end-member 
Sr/Ca-L1SSTs in Fig. 4.6 ( 1 °(:0.7% calcite). Then a two end-member mixing equation, 
between modern coral aragonite 8180 values and the calcu lated end-member 8180 
range for secondary calcite (0.8%o to -9.8%o ), was used to determine the range of 
likely 8180 deviations due to diagenesis. (c) Published changes in 8180 relative to 
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modern (black bar with open circle) with effect of diagenesis (from panel b) 
superimposed (blue shading). The change in 8180 due to diagenesis is significantly 
less than the changes in coral 8180 reported in the literature. 
Diagenesis and sampling resolution 
One of the goals of coral palaeoclimatology is to reconstruct climate on 
seasonal scales fine enough to understand climatic processes. From this viewpoint, the 
absolute SSTs are often less important than the preservation of detail in the seasonal 
cycle itself. The data presented thus far show that small amounts of calcite may give 
erroneous mean SSTs, however it is unclear whether high-resolution (sub-annual 
sampling) reconstructions of seasonal cycles from corals with 1-2% calcite can also be 
erroneous. 
To explore this issue, we have sampled at near-weekly resolution four annual 
growth bands from coral FM08, where XRD and examination of thin sections show 
that two, :::;1 mm diameter, patches of calcite are present, and -1% calcite is distributed 
throughout the section as irregular rims around skeletal voids and occasionally 
replacing the coralline aragonite. Three years of coral growth were analysed for 8180 
and Sr/Ca at approximately fortnightly resolution, and for the fourth year (HR-year), 
samples were analysed at weekly resolution. The HR-year was chosen due to its close 
proximity to one of the calcite patches, allowing comparison of geochemical signals 
from areas of high and low calcite. For the HR-year, the data were averaged to simulate 
fortnightly and monthly sampling to examine the effect of different sampling 
resolutions on a low-level diagenesis coral. All data were plotted in terms of SST to 
assess the impacts of diagenesis on Sr/Ca-SST relative to 8180-SST at high resolutions. 
Records were calibrated using the SST relationships of Gagan et al. (1998). 
The presence of diagenetic calcite in coral FM08 can be seen in the high-
resolution 8180 and Sr/Ca-SST records (Fig. 4.8). The calcite patches are clearly 
defined in both Sr/Ca-SST and 8180-SST (Fig. 4.8a). The magnitude of the change in 
SST for the Sr/Ca proxy is much greater than that for 8180 and the relative response of 
the two tracers is similar to that predicted from the calculated end-member values (Fig. 
4.6). Seasonal cycles in both Sr/Ca-SST and 8180-SST are evident, though the uneven 
contribution of diagenesis to the Sr/Ca signal introduces variability of approximately 
0.5°C relative to the 8180 signal (Fig. 4.8b ). When the high-resolution data are 
smoothed to monthly resolution the seasonal cycle is preserved in both Sr/Ca-SST and 
8180-SST. Similar results were obtained when every fourth micro-sample was plotted, 
as opposed to averaging four samples. 
The results suggest that meaningful palaeoclimate records of the seasonal cycle 
can be obtained from corals with low percentages of calcite, given sufficient smoothing 
of the Sr/Ca-SST signal. However, estimates of mean SSTs from such calcite-affected 
data will still be in error. Sr/Ca and 8180 analysis of 1-2 years of coral growth at near-
weekly resolution may be a good way to reveal significant calcite diagenesis and to 
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c=stimate the errors in mean SST. An additional crosscheck would be to reproduce the 
.::limate signals by comparing short records from two corals with similar ages. 
Many coral palaeoclimate studies state that corals have been screened for 
~iagenesis (Guilderson et al., 1994; McCulloch et al., 1996; Esat et al., 1999; Hughen 
c:;t al., 1999; Woodroffe and Gagan, 2000; Guilderson et al., 2001; Tudhope et al., 
:2001). Two in particular (Hughen et al., 1999; Tudhope et al., 2001) cite the 
JJreservation of details of the seasonal cycle as evidence for a lack of significant 
diagenesis. This assumption seems to be valid based on results of this study, which 
shows that at low percentages of calcite seasonal cycles are recorded in the corals. 
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Figure 4.8: (a) High resolution Sr/Ca and 8180 data converted to SST for four growth 
years from coral FM08 as an estimate of the impact of -1% calcite on 
palaeotemperature. Vertical shading marks the start and finish of each year, as defined 
by X-radiography. Samples were milled at near-weekly resolution and every second 
sample was analysed. Horizontal bars (marked Sr/Ca HR and 8180 HR) indicate 
sections where every sample was analysed. (b) Comparison of sampling resolutions for 
resolving climate signals from 8180 and Sr/Ca-SST data where calcite is present in the 
coral. From the original near-weekly data (solid thin line) two and four samples were 
averaged to simulate fortnightly (dashed line) and monthly sample resolution (thick 
line, open circles) respectively. 
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Fossil coral XRD and thin section results 
All corals used for climate reconstruction in Chapters 5 and 6 have been 
screened for diagenesis using XRD and petrography. XRD results (Table 4.1) show that 
for most corals, the calcite content is below detection limits. The absence of calcite is 
confirmed by thin section results (Fig. 4.9). Here, with the exception of FM15 and 
FM22 (Fig. 4.9g to k), corals show an absence of overgrowths or alteration. 
Table 4.1: XRD resu lts for corals analysed for Sr/Ca and 8180 and used for cl imate reconstruction in 
Chapters 5 and 6. 
Coral o/o Calcite o/o Aragonite Calculation error Comments 
FK05 0.3 99.7 0.5 Below detection limits 
FM24 0 100 0.5 Below detection limits 
FM23 0.1 99.9 0.3 Below detection limits 
FM21 0 100 0.3 Below detection limits 
FM15 0 100 0.3 Below detection limits 
FM22 0.3 99.7 0.3 Below detection limits 
FM09 0.2 99.8 0.0 Below detection limits 
FM07 0.1 99.9 0.5 Below detection limits 
Five thin sections were made for coral FM15, spaced down the 0.9 m length of 
the core. The basal thin sections showed minor calcite overgrowths (Fig. 4.9i) as well 
as secondary aragonite (Fig. 4.9h). Secondary aragonite is characterised by thin 
acicular needles and high birefringence in crossed polarised light (Fig. 4.9h), as 
opposed to equant-grained calcite crystals (Fig. 4.9i and clearer in 4.91). Minor amounts 
of secondary aragonite were observed in the basal 0.2 m of the core, and trace amounts 
were observed throughout the rest (Fig. 4.9g). Secondary aragonite causes an increase 
in coral Sr/Ca (Muller et al., 2001), though given the minor amount observed in this 
coral, it should not affect climate reconstruction, even in the basal 0.2m. 
Algal borings are present in the top thin section for FM22 (Fig. 4.9k). The algae 
homogenise the skeletal aragonite as they bore into the coral (J. Marshall pers. comm.). 
The debris is coralline aragonite, which shows similar birefringence to the surrounding 
coral (Fig. 4.9k crossed polarised light). In terms of climate reconstruction, if the 
castings are not removed by ultrasonic cleaning, the signal will be smoothed, otherwise 
the presence of minor amounts of algal borings are not likely to influence climate 
reconstruction. 
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Figure 4.9: Images of coral material used for palaeoclimate reconstructions. Images in 
plane polarised light (left-hand side) and cross polarised light (right-hand side). 
Unaltered coral sample, (a) FK05, (b) FM24, (c) FM23. 
CHAPTER 4: DIAGENESIS 
Figure 4.9 (con'd): Unaltered coral, sample (d) FM21, (e) FM07, (f) FM09. 
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Figure 4.9 (cont.) : (g) Unaltered coral, sample FM15. (h) Arrow shows secondary 
aragonite, sample FM 15. (i) Arrows show calcite at the base of sample FM 15. 
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Figure 4.9 (cont.): (j) Unaltered coral, sample FM22. (k) Aragonite chips from boring 
algae, sample FM22. (I) Arrows indicate calcite overgrowths in sample FM08. Note, 
FM08 was not used for climatic reconstruction. 
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CONCLUSIONS 
This chapter examined the impact of vadose-zone diagenesis on coral proxies 
used for climate reconstruction. In addition, fossil corals to be used for palaeoclimate 
reconstruction were checked for diagenesis. This study showed: 
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• Changes in skeletal texture and geochemistry for mid-Holocene corals from 
raised reefs at Muschu Island, PNG, suggest that calcite diagenesis has 
occurred in the vadose environment following uplift to the high intertidal 
zone. 
• Sr/Ca in corals decreases dramatically when subject to calcite diagenesis in 
the vadose zone. In the Muschu Island environment, 8180 also decreased, 
though, in general, the magnitude and direction of diagenetic changes in 
coral 8180 varies regionally as a function of the mean 8180 value of 
precipitation. 813C in vadose calcite also tends to be lower than 813C in coral 
aragonite and depends on the moles of 13C-depleted carbon derived from 
soil-gas C02• 
• When converted to temperature using published calibration equations, the 
Sr/Ca and 8180-SSTs of vadose-zone calcite in the Muschu Island corals 
give anomalously warm temperature estimates of l15°C and l4°C, 
respectively. The range of slopes for Sr/Ca-6SST reported in the literature, 
and shown in this study, are 1.1 to 1.5°C per percent calcite and are at least 
five times more sensitive to diagenetic changes than 8180-SSTs (-0.2 to 
0.2°C per percent calcite). The slope relationships can be used to correct 
Sr/Ca-SST palaeo-data with low percent calcite, and if a site-specific 8180 
value for precipitation is assumed, the same can be done for 8180-SST. The 
difference in the response of Sr/Ca and 8180 to vadose diagenesis leads to 
the conclusion that 8180 signals in corals are robust when subject to small 
amounts of calcite diagenesis. 
• Sr/Ca and 8180 in corals with low concentrations of secondary calcite can 
still be used to investigate seasonal and inter-annual climatic variability, 
although mean sea surface temperature estimates may be erroneous. In 
addition to detailed XRD and thin-section petrography, analysing Sr/Ca for 
1-2 years of coral growth at near-weekly resolution should reveal noise in 
the record due to even low concentrations of calcite, and the magnitude of 
potential errors. Checking the reproducibility of climate signals in all corals 
of similar age can also reduce errors in palaeoclimate reconstruction. 
• Corals used for climate reconstruction in this thesis are free of any 
significant diagenesis. 
CHAPTER 5 MEAN SEA SURFACE 
TEMPERATURE AND SALINITY 
CONDITIONS DURING THE MID-
HOLOCENE 
INTRODUCTION 
Characterising the climate of the western Pacific warm pool is essential if 
ENSO processes are to be understood, since this region today is a fundamental 
component of the ENSO system. Perturbations of climate in the tropical Pacific, via the 
ENSO system, have been recognised as major sources of global climate variation 
during the 20th century (McPhaden, 1999). With uncertainty surrounding the 
consequences of global warming for the ENSO system, attention has focused on 
understanding ENSO under different background climate conditions existing in the past 
(Cole, 2001). ENSO during the mid-Holocene is of interest because Earth's orbital 
parameters were different from today, yet the mean climate was generally similar. 
Both modelling and palaeoclimate studies suggest an absence of El Nino during 
the mid-Holocene (Bush, 1999; Rodbell et al., 1999; Clement et al., 2000; Liu et al., 
2000; Tudhope et al., 2001; Moy et al., 2002), and that a La Nina state prevailed 
(Koutavas et al., 2002). It is crucially important in deciphering the dominant ENSO 
mode to determine the equatorial Pacific SST and salinity gradients. SST gradients 
across the Pacific determine the strength of the prevailing trade winds (Fedorov and 
Philander, 2000), and, in combination with salinity, the depth and structure of the 
thermocline (Maes, 2000). In today's climate, weakening of the trade winds and a 
shallowing of the thermocline in the western Pacific lead to El Nifio events (Fedorov 
and Philander, 2000). 
Estimates of SST in the western Pacific suggest warmer conditions in the mid-
Holocene (Gagan et al., 1998; Tudhope et al., 2001; Stott et al., 2002; Visser et al., 
2003), however many of these records are located off the equator and around the edges 
of the western Pacific warm pool. One equatorial western Pacific record, located on the 
eastern edge of the warm pool suggests cooler SSTs (Lea et al., 2000). Expanding the 
network of palaeoclimate records in the warm pool during the Holocene will help 
discern the mean ENSO mode, and thus provide a framework for investigating ENSO 
interactions under the influence of a changed seasonal cycle of insolation; brought 
about by precession of Earth's equinoxes. 
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Eight coral records of mean Sr/Ca and ~V 80 back to the early Holocene are 
presented in this chapter to explore SST and salinity variability in the heart of the 
'.Vestern Pacific warm pool. The corals show cooler and more saline conditions in the 
~arly to mid-Holocene, and an abrupt salinity shift in the mid-Holocene. The results are 
discussed in light of other tropical Pacific climate records, and abrupt climate shifts 
s-een in different parts of the world. 
Koillsland 
"}op a:::::o 
Blup Blup I Q '3030'8 
0 
Figure 5.1: Physiographic map showing fossi l coral sampling locations (red text); 
Rebiew Bay and Morock Bay, Muschu Island, and Top Point Beach, Koillsland. Modern 
corals discussed in Chapter 3 were collected from Morock Bay and Cape Saum, Muschu 
Island, and Top Point Beach, Koil lsland. 
METHODS 
Fossil coral collection 
As described in Chapter 2, fossil corals were collected in May-June 1998 as part 
of project TROPICS (Tropical River-Ocean Processes in Coastal Settings). A total of 
46 fossil corals were collected from Koil and Muschu Islands (Fig. 5.1). The uplifted 
fossil corals were located in the intertidal zone and were eroding out of beach sands 
(Top Point Beach, Koil Island, and Morock Bay, Muschu Island) or coral rubble/soil 
(Rebiew Bay, Muschu Island). Corals were drilled using tungsten-carbide cutting teeth 
on the end of a 5 em diameter core barrel, driven by a chainsaw motor. As far as 
practicable, coral cores were drilled along the major growth axis, and only those drilled 
on axis were analysed. 
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Radiocarbon dating 
In the first instance, eighteen coral cores were selected for conventional 
radiocarbon dating to give an overview of the age-range of the fossil reefs. The fossil 
corals were selected on the basis of length and quality of core, and geographic spread. 
A 1912 AD sample of modern coral MS01 (age determined independently by growth 
band counting on a coral X-ray) was included to estimate the ocean 14C reservoir 
correction, calculated using the method of Reimer and Reimer (2001). Following core 
selection and examination to ensure no diagenesis was present, approximately 40 g of 
material was ultrasonically cleaned then left in 30% w/v H20 2 for 24 hours. Under the 
direction of staff at the ANU Radiocarbon Dating Laboratory samples were prepared 
and counted using the benzene liquid-scintillation method, described in Gupta and 
Polach (1985). Conventional 14C ages before 1950 AD (yr BP) were based on the ANU 
Sucrose secondary reference standard (Gupta and Polach, 1985). Coral FK05 from Koil 
Island was dated twice. 
Uranium-Thorium dating 
A subset of 8 corals, having been rigorously checked for diagenesis (as 
described in Chapter 4), was selected for U-Th dating to further refine coral ages. The 
corals selected for analysis were: 
FK05, Koil Is. 
FM09, Rebiew Bay, Muschu Is. 
FM07, FM15, FM21, FM22, FM23 and FM24, Morock Bay, Muschu Is. 
ThiU atomic ratios were determined by isotope dilution thermal ionisation mass 
spectrometry using a Finnegan MAT-261 mass spectrometer. Initially, 3 g of coralline 
material was ultrasonically cleaned and dissolved in concentrated nitric acid. Spike "U-
2", a mixed 229Th-233U tracer, was added and organic matter removed by the addition of 
H20 2• Uranium and thorium were co-precipitated with iron hydroxide, and then 
separated in ion exchange columns using HCI. 
The uranium samples were loaded onto double rhenium filaments and measured 
on a Finnigan MAT 261 Thermal Ionisation Mass Spectrometer (TIMS). 233U, 234U, 235U 
and 238U were measured simultaneously in a combined multi-collector/secondary 
electron multiplier (SEM) system e34U measured in the SEM). To calculate the 
SEM/Faraday cup relative gain, the 238U/235U (235U measured in the SEM) was 
compared to 238U/235U e35U measured on the Faraday cup). The ratios 234U/235U and 
233U/235U were corrected for isotopic mass fractionation using the method described in 
Stirling et al. (1995). 
The thorium samples were loaded onto single filaments in combination with 
graphite (used to enhance ionisation) and also run on the Finnigan MAT 261 TIMS. 
229Th/23o.rh was measured on the SEM in peak hopping mode. Sample ages were 
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calculated using the Monte Carlo simulation spreadsheet, developed by J. Hell strom 
(pers. comm.). 
Geochemistry 
Annual samples, based on annual density band couplets revealed in X-rays of 
t:he coral cores (Appendix 2), were milled from the suite of eight U-Th dated fossil 
c . orals. The number of years sampled per core is given in Table 5.1. Oxygen and carbon 
isotope ratios were measured for all annual samples giving a standard error on replicate 
measurements of ~0.05%o. Analytical procedures are given in Chapter 3. The errors in 
5 180 and 813C for NBS 19 for all analyses are 0.08%oand 0.03%o (2cr), respectively. 
Composite samples, (a combination of several of the annual samples), from each coral 
were analysed for Sr/Ca to efficiently estimate the mean SST. Averaged the 
instrumental SST record into 5-year increments gives the same mean as the monthly-
resolved instrumental SST data (for the same period). This suggests that the use of 5-
year composite samples is appropriate for estimating mean SST. Also, the similarity 
between the 5-year composite Sr/Ca data and the annual increment 8180 data (see 
results section, Fig 5.3) provides some check on the quality of the 5-year composite 
Sr/Ca data. 
Table 5. 1: The number of years mil led, and the number of 8180 and Sr/Ca analyses. 8180 analyses were 
made at annual resolution. For Sr/Ca analyses, years were combined to give five analyses per core. The 
number of years making up each Sr/Ca bulk sample is given in brackets. 
Sample No. years milled and analysed No. Sr/Ca analyses (No. years bulked for 
for 8180 each comQosite) 
Koil Island 
FK05 33 5 ( 4 x 7 yr, 1 x 5 yr) 
Muschu Island - Morock Bay 
FM07 9 5 ( 4 x 2 yr, 1 x 1 yr) 
FM15 89 5 (4 x 18 yr, 1 x 17 yr) 
FM21 24 5 ( 4 x 5 yr, 1 x 4 yr) 
FM22 25 5 (5 x 5 yr) 
FM23 18 5 (4 x 4 yr, 1 x 2 yr) 
FM24 18 5 (4 x 4 yr, 1 x 2 yr) 
Muschu Island - Rebiew Bay 
FM09 19 5(4x4yr, 1x3yr) 
Five composites were analysed per coral, and, even though the number of Sr/Ca 
analyses is lower than for 0180, the same range of coral years were analysed for both 
proxies. A sample of 100 ± 15 ~g of material from each year making up a given 
composite was weighed into an acid-washed centrifuge tube. The sample was dissolved 
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in 0.5N HCl, and an addition dilution step performed as per the Sr/Ca big sample 
method, described for coral KL03 in Chapter 3. All analyses were performed on a 
MAT 261 TIMS using the procedure described in Chapter 3. Measurement of internal 
standards gives precision of± 0.08% (2cr). The five composite analyses per coral were 
averaged to give a mean Sr/Ca value (relative to present). 
RESULTS 
Radiocarbon dating 
The radiocarbon age of modern coral MSO 1 was measured to calculate the 
oceanic 14C reservoir correction (R). The reservoir correction is the difference in 
radiocarbon "age" of the ocean compared to the atmosphere 14C. The waters of the deep 
ocean are out of equilibrium with respect to the atmosphere causing marine carbon-
containing material to appear older than material formed, at the same time, on land (in 
equilibrium with the atmosphere). The atmospheric 14C age is zero at a calendar age of 
1950AD, and the average marine surface-ocean sample that lived in 1950AD yields a 
reservoir age of 400 14C yr, and thus the reservoir age for pre 1950AD aged marine 
samples is calculated as follows: 
R = 14C age (measured) - atmospheric 14C age Equation 5.1 
where the atmospheric 14C age is the calendar age of the sample 
(calculated independently), converted to a 14C age based on the 
INTERCAL98 calibration curve (Stuiver et al., 1998). 
For modern coral MS01 the measured 14C age was 520 ± 60 yr BP, and the 
calendar age was 1912 AD, determined by counting density bands on the coral X-ray 
(Table 5.2). This gave a reservoir correction of 420 ± 60 14C yr (Table 5.2). This 
correction is similar to that of 400 and 410 14C yr, calculated by Chappell and Polach 
(1991) and Edwards et al. (1993) respectively, for nearby Huon Peninsula, PNG. 
Table 5.2: MS01 reservoir correction and ilR calculation. All errors ± 1 cr. 
Sample Measured Calendar Atmospheric Rc Marine LlRd 
t4c agea age 14c ageb e4c yr) model ageb e4C yr) 
(yr BP) (yr BP) (yr BP) 
MS01 520 ± 60 1912AD 100±4 420 ± 60 450 ± 5 70 ±60 
a Conventional 14C date measured in this study 
b From INTCAL98 (atmospheric) and MARINE98 (marine) (Stuiver et al., 1998). Data 
available from website http:Ucalib.org/ 
c Calculated using Equation 5.1 
ct Calculated using Equation 5.2 
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Fossil coral 14C dates were converted to calendar ages using the marine model 
(J\1ARINE98, Stuiver et al., 1998). In this model a global average oceanic reservoir 
c->orrection of 400 14C yr is used. Local offsets from the global average oceanic reservoir 
c~ orrection (.LlR) are calculated as follows: 
LlR = 14C age (measured) - marine model age Equation 5.2 
where the marine model age is the calendar age of the sample 
(calculated independently), converted to a 14C age based on the 
MARINE98-calendar age curve (Stuiver et al., 1998). 
For MS01, LlR is 70 ± 60 14C yr (Table 5.2), half that estimated by Stuiver and 
Braziunas (1993) for the tropical western Pacific. 
Results from radiocarbon dating are presented in Table 5.3. Calendar ages were 
calculated using the CALIB 4.3 software intercept method (website 
http://calib.org/calib/ Stuiver and Reimer, 1993), the MS01 .LlR and the MARINE98 
calibration curve (Stuiver et al., 1998). Results of these calculations show that the 
average calendar age for fossil reefs are 7 400 ± 700 (cal yr BP) for Koil Island, 6100 ± 
500 (cal yr BP) for Morock Bay, Muschu Island, and 1500 ± 300 (cal yr BP) for 
Rebiew Bay, Muschu Island. 
Uranium-thorium dating 
U-Th ages are presented in Table 5.4, along with 8234U(t) data. 8234U(t) values 
are within the range expected for pristine coral aragonite (Stein et al., 1993; Stirling et 
al., 1995). The average U-Th reef age (6200 ± 700 yrs) for Morock Bay is very close to 
the radiocarbon calendar age (6100 ± 500 cal yr BP). U-Th ages were used for plotting 
geochemical results since the 2cr errors are generally less than those for the 
conventional radiocarbon dates. In addition, variability in the atmospheric 14C 
concentration with time can lead to large calendar age ranges (Table 5.3 Bowman, 
1990; Pilcher, 1991), introducing additional variability into sample ages. 
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Table 5.3: Radiocarbon ages for fossil corals. Shaded samples were also U-Th dated. Bold numbers are 
the most likely calendar ages as given by method A in the CALIS 4.3 software. 
Sample 
No. 
Koil Island 
FK03 
ANU 
Lab Code 
ANU-11199 
ANU-11062 
Coral species 
Diplo. heliopora 
Mean calendar age ± 1 cr = 
Muschu Island - Morock Ba 
FM17 
FM16 
FM20 
FM04 
ANU-11200 
ANU11197 
ANU-11057 
ANU-11065 
Porites 
Porites 
Porites 
Porites 
Conventional 
Age (yr BP) 
± lcr 
6260 ± 70 
2cr calendar age 
range (cal yr BP) 
6840 (6630) 6400 
7400 ± 700 (cal yr BP) 
5950 ± 70 
5820 ± 90 
6480 ( 6280) 6100 
6100 ± 500 (cal yr BP) 
1990 ±60 
1770 ± 60 
.. ~§1}:2if8ill1:i~O<f~:~ 
_ .... ~ ............. "\..\. -.:;-.... ...._.. k: ........ ~~. ..w.;;a 
1680 (1480) 1290 
1400 (1260) 1070 
Mean calendar age± 1cr = 1500 ± 300 (cal yr BP) 
MS01 
KL04 
ANU-11064 
ANU-11063 
Modern Corals 
Porites 
Porites 
520 ± 60 
510 ± 60 
Table 5.4: U-Th results for fossil corals. Bolded U-Th ages are within error of the radiocarbon calendar 
age on the same samples. All errors ± 2cr. 
SamQle U (QQID) 230Th/238U X 106 8234U(t) U-Th age ()::rS) 
FK05 3.4 1.31 ± 0.01 148 ± 1 7650 ± 45 
FM24 3.22 1.25 ± 0.01 148 ± 1 7270 ± 75 
FM23 2.99 1.22 ± 0.03 147 ± 1 7100 ±145 
FM15 3.11 1.05 ± 0.01 148 ± 1 6090 ±50 
FM07 3.19 1.02 ± 0.03 146 ± 1 5880 ± 160 
FM21 3.23 1.02 ± 0.02 151 ± 1 5850 ± 100 
FM22 3.41 0.94 ± 0.02 150 ± 2 5380 ± 130 
FM09 3.03 0.36 ± 0.01 147 ± 1 2040 ±50 
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Changes in oceanic 14C reservior correction 
Radiocarbon ages from marine fossil samples must be corrected for differences 
~etween the radiocarbon age of surface water and the contemporaneous atmosphere, 
P"rior to calculation of a calendar age, as was done for modern Muschu coral MSO 1 
('Table 5.2). This reservoir correction or reservoir age (R) represents the balance 
~etween 14C production, ocean-atmosphere exchange and ocean mixing (Stuiver and 
P'olach, 1977). 
Table 5.5: Calculation of reservoir age (R). Errors are± 1cr and do not include errors in the U-Th dates. 
The modern R is 420 ± 60 14C yr. 
Sample U-Th age Atmospheric Conventional R C4C yr) 
14C age a (yr BP) ageb (yr BP) 
FK05 7653 6740 ± 17 7400 660 ± 74 
FM24 7268 6274 ± 20 6520 246 ± 80 
FM23 7103 6209 ± 13 6270 61 ± 94 
FM15 6088 5323 ± 13 5400 77 ± 84 
FM07 5876 5068 ± 10 5350 282 ± 113 
FM21 5852 5082 ± 10 5740 658 ± 86 
FM22 5377 4667± 10 5090 423 ± 95 
FM09 2041 2032 ± 8 2280 248 ± 65 
a U-Th age was converted to atmospheric 14C age using the INTCAL98 (atmospheric) curve 
(Stuiver et al., 1998). Data available from website http://calib.org/ 
b Conventional 14C date measured in this study 
The reservoir correction is often assumed to be constant when converting 
radiocarbon ages to calendar ages (Edwards et al., 1993; Hughen et al., 1998, and this 
study, Table 5.3). However, comparisons of radiocarbon dates from marine samples 
with contemporaneous samples dated independently show that R has varied with time 
(Southon et al., 1990; Bard et al., 1994; Adkins et al., 1998; Sikes et al., 2000; Siani et 
al., 2001). The variations in R have been attributed to changes in 14C production rate 
(Southon et al., 1990), changes in ocean ventilation (upwelling), and thermohaline 
circulation (Adkins et al., 1998; Sikes et al., 2000; Siani et al., 2001). Increased 
upwelling brings "older" water to the surface, making reservoir ages greater. 
Although a constant reservoir correction has been applied to fossil corals from 
this study (420 ± 60 14C yr, Table 5.2), differences between the fossil coral 14C and U-
Th dates were also used to investigate potential changes in the tropical western Pacific 
reservoir age during the mid-Holocene. The reservoir corrections were calculated using 
equation 5.1, and atmospheric 14C age based on U-Th dates (Table 5.5). 
Mid-Holocene reservoir ages from the Muschu and Koil corals are presented in 
Table 5.5 and Fig. 5.2. These results show that at a Uffh age of7.6 ka the reservoir age 
is 240 14C yr older than present (660 cf 420 14C yr). From 7.1 to 6.1 ka the reservoir age 
is close to zero, and returns to modern values at 5.4 ka. The reservoir age at 5.9 ka 
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appears too large compared to similar aged corals, and this sample may need to be 
redated. 
The reduced reservoir ages from 7.1 to 6.1 ka suggest reduced upwelling in the 
northern coastal PNG region. While one must be cautious about over-interpreting the 
data due to the large errors on the 14C dates, this result is intriguing. Today, upwelling 
occurs in this region during the NW season (dominant northwesterly winds, November-
March, Cresswell, 2000). The reservoir age results suggest that this upwelling, and 
presumably its cause, the NW season, was suppressed during this time. Alternatively, if 
trade winds were stronger along the equatorial Pacific, as suggested by Liu et al. 
(2000), then this could provide for greater exchange of atmospheric 14C with surface 
ocean waters, thus enriching the surface ocean in 14C. 
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Figure 5.2: Muschu and Koil coral oceanic 14C reservoir ages (Y axis inverted) . 
Reservoir ages and errors are from Table 5.5. The horizontal blue line shows modern 
value. The 14C reservoir ages have varied through the Holocene. 
Mean Sr/Ca and L\S180 
The 8180 and Sr/Ca annual sample results (Fig. 5.3, data in Appendix 3) were 
used to calculate mean 8180 and Sr/Ca values for each fossil coral (Table 5.6). From 
these values mean Sr/Ca-SST and ~81 80 were calculated using the calibration 
equations presented in Chapter 3. The Sr/Ca-SST and ~8180 results were normalised to 
the average of three modern corals (the corals from Chapter 3), and plotted versus U-
Th age (Fig . 5.4b and c). Before calculating the residual, the 8180 values in corals 
FK05, FM24 and FM23 (7.6-7.1 ka) were corrected for the effect of changing global 
ice volume on seawater 8180 using the 8180-sea level calibration of 0.11 %o per metre 
change in sea level (Fairbanks, 1989). Values of 0.11%o, 0.08%o and 0.06%o were 
subtracted from corals FK05, FM24 and FM23. The sea level curve of Fairbanks 
(1989) was used, as this was the curve on which the 8180-sea level curve is based. 
Increases in the oxygen isotope residual are interpreted as increases in salinity (and 
reduced fresh water inputs), as described in Chapter 3. 
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Figure 5.3: The raw 8180 (solid line with circles) and Sr/Ca (solid line) data used to 
calculate the mean value for each coral. Error bars on the 8180 data are the standard 
error on replicate analyses (see Appendix 3 for data). 
Table 5.6: Mean 8180 and Sr/Ca for Koil and Muschu fossil corals,( calculated from the data in Fig. 5.3) 
and of modern corals MS01, MS04 and KL03 (termed 3-mod), and the corresponding ~Sr/Ca-SST and 
~8180 used in Figure 5.4. Errors for 8 180, Sr/Ca and Sr/Ca-SST are the analytical uncertainty plus inter-
reef variability. The inter-reef variability is spread around the mean of the three modern corals for the 
years 1984-1997 AD. The three modern corals are MS01, MS04 and KL03, as described in Chapter 3. 
Errors for ~818Q are errors on the 8 180 and Sr/Ca-SST combined . 
Coral U-Th age 8180 (%o) Sr/Caulw (x 103) ~Sr/Ca-SST (°C) ~8180 (%o) 
FK05 7650 -4.66 ± 0.05 8.97 ± 0.06 -2.7 ± 0.7 0.2 ± 0.1 
FM24 7270 -5.02 ± 0.05 8.79 ± 0.06 -0.3 ± 0.7 0.3 ± 0.1 
FM23 7100 -4.88 ± 0.05 8.85 ± 0.06 -1.0 ± 0.7 0.3 ± 0.1 
FM15 6090 -5.08 ± 0.05 8.74 ± 0.06 0.4 ± 0.7 0.5 ± 0.1 
FM21 5880 -5.04 ± 0.05 8.82 ± 0.06 -0.3 ±0.7 -0.05 ± 0.1 
FM07 5850 -5.46 ± 0.05 8.79 ± 0.06 -0.6 ± 0.7 0.3 ± 0.1 
FM22 5380 -5.58 ± 0.05 8.89 ± 0.06 -1.5 ± 0.7 -0.4±0.1 
FM09 2040 -5.30 ± 0.05 8.79 ± 0.06 -0.3 ± 0.7 0.1 ± 0.1 
3-mod 1984-97 -5.47 ± 0.05 8.77 ± 0.06 0.0 ± 0.4 0.00 ± 0.08 
-
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Figure 5.4: Comparison of Holocene evolution of the oceanic 14C reservoir age, 
~Sr/Ca-SST, ~8180 of seawater, and ~SSS, relative to modern values (horizontal blue 
line). (a) Oceanic 14C reservoir age (Y -axis inverted). Reservoir ages and errors are 
from Table 5.5. (b) ~Sr/Ca SST. (c) ~8180 and ~SSS. ~Sr/Ca-SST, ~8180 and ~SSS 
are normalised relative to the mean of modern corals MS01, MS04 and KL03 (see 
chapter 3). Error bars represent the combined analytical uncertainty for individual 
corals plus the spread means for the three modern corals for 1984-1997 (inter-reef 
variability). Vertical grey stippling shows the abrupt shift between -6.1 and 5.4 ka. 
Trends in Sr/Ca SST and ~8180 broadly match those in the reservoir ages (Fig. 
5.4). The fossil coral Sr/Ca-SST (Fig. 5.4b) from 7.6 to 6.1 ka indicates a general 
warming trend, from -2.5°C cooler at 7.6 ka, culminating at an SST peak -0.5°C 
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higher than present at -6.1 ka. This change in Sr/Ca-SST could be interpreted as an 
abrupt shift. However, the shift from 7.6 to 7.1 ka is only defined by the one Koil 
Island coral. Additional analysis of corals of similar age to coral FK05 may strengthen 
the case for a climate shift at this time. At the same time, coral il8180 values (Fig. 5 .4c) 
are consistently higher than present, and, when converted to SSS, this is equivalent to a 
salinity increase of 1-1.5 psu above present. Note that the change in SSS assumes no 
change in the 8180 of mid-Holocene precipitation. This assumption is supported by 
modelling studies that suggest only a slight increase of 0.5%o in the 8180 of tropical 
western Pacific precipitation (Jouzel et al., 2000). Modern PNG precipitation has a 8180 
value of -7.1%o (Rozanski et al., 1993). 
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Figure 5.5: Comparison of Holocene evolution of fossil coral il8180, where il8180 has 
been calculated using different SST values to remove the SST component of the 8180 
signal. il8180 calculated using the modern IGOSS mean SST of 29°( for 1984-1997 
(yellow trace). il8180 as for Fig. 5.4, using the mean Sr/Ca-SST reconstructed for 
individual fossil corals (green trace). Blue line is the zero line. The results show that 
the il8180 calculated using reconstructed SSTs is not significantly different from il8180 
calculated assuming no SST change during the Holocene. 
Between 6.1 and 5.4 ka Sr/Ca-SSTs drop rapidly from -0.5°C to -1.5°C, and 
il8180 values decrease, suggesting SSS was -1.5 psu lower than present. Reservoir age 
results also show a change at this time. Within the 6.1-5.4 ka period two corals, FM21 
(5.88 ka) and FM07 (5.85 ka) define a 1.5 psu shift in the space of 30 years. While it is 
important to not emphasise changes between individual corals, if confirmed with more 
data, this shift could have major implications for climate dynamics in the warm pool. 
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At 2 ka, Sr/Ca-SST is only slightly cooler and L18180 slightly higher and more saline 
(0.5 psu) than today. 
Oxygen isotope residuals were calculated using the Sr/Ca-SST proxy to remove 
the temperature component of the oxygen isotope signal. If however, the Sr/Ca-SST 
estimates are inaccurate then this could lead to erroneous residuals. As a check on the 
residuals presented in Fig. 5.4c, they were also calculated assuming no change in SST 
during the Holocene (Fig. 5.5). The re-calculation shows the same L18180 and abrupt 
shift as that as evident from the Sr/Ca-SST based residuals. This suggests that the 
change in L18180 is a robust feature of the Muschu and Koil fossil coral records. 
The changes in mean climatic conditions presented here may have important 
implications for mid-Holocene climate, given that small changes in tropical Pacific 
climate today can have a profound impact on world climate (Diaz and Kiladis, 1992). 
In the following sections, the coral results will be put in the context of other western 
Pacific oceanic records. The pre-shift period ( -7.5-6.1 ka) will be discussed first, 
followed by the abrupt shift (6.1-5.4 ka) and post-shift periods. 
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DISCUSSION 
Pre-shift: 7.6-6.1 ka 
Western tropical Pacific SST 
Several authors have reconstructed SST for the WPWP using corals, 
(McCulloch et al., 1996; Becket al., 1997; Correge et al., 2000; Tudhope et al., 2001), 
foraminiferal Mg/Ca (Lea et al., 2000; Stott et al., 2002; Rosenthal et al., 2003; Visser 
et al., 2003) and alkenones (Pelejero et al., 1999; Kienast et al., 2001). Coral SST 
reconstructions from the Muschu/Koil coral records compare favourably with these 
estimates (Fig. 5.6). With the exception of coral FK05, which gives an SST -1 oc 
cooler than the next coolest coral estimate, all results sit between 28.2-30.2°C, with 
modern corals giving 29.9°C. Coral FK05 is 2.7°C cooler than modern. This is 
surprising considering the potential for errors in such estimates due to calibration and 
coral growth issues (see Chapter 3 for discussion) and/or diagenesis (see Chapter 4 and 
McGregor and Gagan, 2003). Muschu/Koil coral SSTs compare particularly well with 
those of Lea et al. (2000), Stott et al. (2002) and Visser et al. (2003) (Fig. 5.6). Other 
coral estimates of SST from the PNG region seem very warm (Tudhope et al., 2001), or 
very cool (McCulloch et al., 1996), relative to foraminiferal Mg/Ca estimates of SST 
for the region. 
All coral Sr/Ca-SST reconstructions older than 7 ka show extreme cooling 
compared to other reconstructions, and compared to today (2.7°C cooler, Figs. 5.6, 5.7, 
this study; 2-3°C cooler, McCulloch et al. (1996); 5-6°C cooler, Beck et al. (1997)). 
Cooler SST estimates from fossil corals can result from the addition of secondary 
aragonite (MUller et al., 2001) and sampling off the primary growth axis (de Villiers et 
al., 1994), though for the 7.6 ka coral in this study these factors have been ruled out 
(See Chapter 4 and Appendix 2). Recent modelling (Stoll and Schrag, 1998) and 
measurement of foraminiferal Sr/Ca (Martinet al., 1999; Stoll et al., 1999) suggest that 
changes in sea level leading to recrystallisation of exposed aragonite has caused 
fluctuations of seawater Sr/Ca during glacial cycles. Whilst the exact magnitude of 
such changes is still controversial (Elderfield et al., 2000; Elderfield et al., 2002), the 
modelling studies suggest correction of at least 0.5°C may be warranted for Sr/Ca 
based SST reconstructions prior to the mid-Holocene (Stoll and Schrag, 1998). The 
apparent cooling seen in the early Holocene corals may be reflecting these seawater 
Sr/Ca changes, yet only -400 years separate this anomalous coral record from 
reconstructed SST at 7.3 ka that are similar to modern values. 
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Figure 5.6: Reconstructed tropical SSTs from the Last Glacial Maximum to the present 
in the WPWP. Symbols for each locality are the same for the plot and the map. The 
map shows the 28°C SST contour defining the WPWP from Levit us and Boyer ( 1994) 
(available from http:/ /ingrid.ldgo.columbia.edu/SOUR-CES/.LEVITUS94/). Corals from 
this study and McCulloch et al. ( 1996) were calibrated using the calibration equation 
from Chapter 3 (Sr/Caatomic x1 03 = 11.0 - 0.075SST). The SST for the Tudhope et al. 
(2001) coral was calculated by adding 29°C to the quoted ~SST. All other SST 
estimates are as quoted in the original reference. Although coral reconstructions of 
mean SST are potentially erroneous, the results from this thesis compare favourably to 
other proxy estimates of SST for the region. 
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Tropical Pacific SST anomalies 
SST anomalies (SSTa) and the equatorial Pacific SST gradient in the past, are 
useful for defining the processes controlling ENSO. To this end, SST anomalies from 
the east and west Pacific have been compiled for the Holocene (Fig. 5.7). 
For the mid-Holocene (grey band in Fig. 5.7), the Muschu/Koil corals and the 
Lea et al. (2000) Mg/Ca SSTs (hereafter abbreviated to MKL) are cooler than present. 
In contrast, the majority of other western Pacific SST estimates are similar to or 
warmer than today (Fig. 5.7) (Gagan et al., 1998; Pelejero et al., 1999; Kienast et al., 
2001; Stott et al., 2002; Visser et al., 2003). 
The MKL record, reflecting cooler mid-Holocene SST relative to today, 
suggests a reduced SST gradient during mid-Holocene, perhaps more like an El Nifio 
state. This is contrary to the interpretation of Koutavas et al. (2002), who suggested a 
La Nifia state during the mid-Holocene. Koutavas et al. (2002) presented a mid-
Holocene foraminifera Mg/Ca SST record showing the east Pacific sea surface was 
cooler compared to present. They proposed that the cooler east Pacific mid-Holocene 
climate, and similar or warmer western Pacific SSTs compared to present, would give a 
greater E-W SST gradient, strengthening trade winds, akin to a modem-day La-Nifia. 
Cooler SSTs on the equator, and in the heart of the warm pool, as found in the MKL 
studies, would seem in conflict with this interpretation. 
However, the equatorial western Pacific results are not necessarily in conflict 
with the other tropical western Pacific results, or the proposed La Nifia state for the 
mid-Holocene tropical Pacific. Fig. 5.8b shows the general location and magnitude of 
the mid-Holocene Pacific SST anomalies, superimposed on April SST anomalies for 
the 1999 La Nifia. The April1999 La Nifia map has been used as an analogy for what 
may be happening during the mid-Holocene. During the mid-Holocene the warmer 
western Pacific SST estimates are all located off the equator or further west of the cool 
MKL region. This is similar to a modern-day La Nifia, where the SST anomaly pattern 
shows cooling along the equator, and off equator warming (Fig. 5.8b), yet the mean 
(absolute) SSTs during the La Nifia are similar to average throughout the region (Fig. 
5.8a). If the mid-Holocene E-W SST gradient is stronger, driven by cooler east Pacific 
SSTs and warmer SSTs in the far western Pacific, then this could lead to further 
westward penetration of the equatorial cold tongue, giving cool SST anomalies along 
the equator, consistent with cooler SST anomalies at the MKL locations. The La Nifia 
analogy presented here takes into account all the published data from the tropical 
Pacific and paints an accurate picture of the SST distribution in the Pacific. 
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-+- 17940, alkenone, Pelejero et al. 1999 
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Figure 5.7: Reconstructed SST for Holocene climate relative to the present, from 
around the Pacific. Symbols for each locality are the same for the plot and the map. 
The map shows the 28°C contour defining the WPWP from Levit us and Boyer ( 1994) 
(available from http://ingrid.ldgo.columbia.edu/SOUR-CES/.LEVITUS94/). Coral records 
are normalised to a modern coral record from the same location. Deep-sea records 
were normalised to the core top SST (ODP 8068, TR163-19, 17940) or, if unavailable, 
the SST of the youngest sample (MD2181 (average from 1450-1850AD), MD9821-62, 
18287-3, 18252-3, V21-30). Grey shading shows the general time used for the 
schematic SST estimates in Fig. 5.8. The coral records from this study and from ODP 
8068 are cooler than other open ocean western Pacific records for the mid-Holocene. 
Go·w 
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Figure 5.8: Modern analogues for mid-Holocene SSTs in the tropical western Pacific. 
(a) Mean SST map of the Pacific for April 1999. (b) SST anomaly map for April 1999. 
The SST anomaly map shows the SST configuration during a typical La Nina. Overlain 
are estimates of SST anomalies for the period 7.2-5.5 ky BP. The pattern of the Mid-
Holocene SST anomalies is similar to the structure of modern La Nina events. Both 
maps from Renyolds and Smith ( 1994) ( avai I able from 
http:/ /ingrid .ldgo.columbia.edu/SOURCES/ .IGOSS/). 
The Muschu and Koil coral ..1880 records 
60°W 
The coral L:l8180 results, showing higher salinity during the mid-Holocene, 
support the proposed La Nifia state. A stronger E-W SST gradient would result in 
stronger winds and a greater westward penetration of the cold tongue. The cold tongue 
today is an area of upwelling (Fedorov and Philander, 2000; Johnson et al., 2000), 
bringing more saline water to the surface and increasing mixing across the thermocline. 
Stronger winds could also potentially cause greater evaporation in the region as 
modelled by Liu et al. (2000). The lower salinity from 7.6-6.1 ka could also be caused 
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by a reduction in rainfall, since the main sources of convection could have moved 
further west. 
Gagan et al. (1998), Lea et al. (2000), Stott et al. (2002) and Visser et al. (2003) 
have also calculated oxygen isotope residuals for the mid-Holocene warm pool, and 
these are shown in Fig. 5.9, along with the fossil Muschu and Koil coral results. In 
general, results show increases in ~8180 compared to the present, for the early to mid-
Holocene. If the residual changes are taken as salinity changes, then the results suggest 
there may also be a regional component to the salinity shift reflected by the fossil 
corals. This would further support the idea of increased evaporation relative to 
precipitation, in the western Pacific during the mid-Holocene. Only, a very small part 
of the change can be attributed to the different 8180 of tropical precipitation relative to 
today. 
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Figure 5.9: Comparison of normalised coral ~8180 from this study with ~8180 records 
of Gagan et al. (1998), Lea et al. (2000), Stott et al. (2002), and Visser et al. (2003). 
Coral records are normalised to a modern coral record from the same location. Deep-
sea records were normalised to the core top SST (ODP 8068), or, if unavailable, the 
SST of the youngest sample (MD2181(average from 1450-1850AD), and MD9821-
62). Proxy 7000 years and older have been corrected for the ice volume effect (a 
correction of 0.011 %a per m sea level change (Fairbanks, 1989), was subtracted 
from the records). Most records show more saline (more positive ~8180) conditions 
during the mid-Holocene. 
Other evidence for an enhanced La Niiia state 
There are several lines of evidence that support an enhanced La Nina state in 
the mid-Holocene tropical Pacific. Firstly, analysis of the recurrence of El Nino-related 
lake deposits suggest that the frequency of strong El Nino events increased after -5 ka 
(Rodbell et al., 1999; Moy et al., 2002). Secondly, although, at first glance, west coastal 
South American and east Pacific SSTs give conflicting pictures of ENSO, more 
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complex interpretations have reconciled these data (Sandweiss et al., 1996; DeVries et 
al., 1997; Sandweiss et al., 1999; Lea et al., 2000; Liu et al., 2000; Koutavas et al., 
2002; Bearez et al., 2003). The warmer east Pacific SST of Lea et al. (2000) has been 
re-interpreted as reflecting changes in the position of the Inter-tropical Convergence 
Zone, rather than ENSO changes (Koutavas et al., 2002). Geoarcheological evidence 
from west coastal South American suggests similar or warmer SSTs in the mid-
Holocene than at present (Sandweiss et al., 1996; Sandweiss et al., 1999; Andrus et al., 
2002). Recent Holocene El Nifio modelling suggests, however, that these coastal 
regions are decoupled from the central/eastern equatorial Pacific and do not reflect the 
regional east Pacific Ocean SSTs (Liu et al., 2000). Interpretation of the 
geoarcheological evidence has also been questioned (DeVries et al., 1997; Bearez et al., 
2003). Overall, the evidence from the eastern tropical Pacific supports an enhanced La 
Nifia state. 
Modelling studies suggest both suppressed El Nifio and enhanced La Nifia 
during the mid-Holocene (Bush, 1999; Clement et al., 1999; 2000; Liu et al., 2000), in 
line with the Muschu/Koil coral data. Some models also propose cooler SSTs for the 
eastern Pacific (Bush, 1999; Liu et al., 2000). Clement et al. (1999; 2000) shows a 
reduction in the number of El Nifio events during the mid-Holocene and a greater 
number of La Nifia events, with El Nifio development impeded by orbitally-induced 
seasonal cooling (in contrast to today, where seasonal warming acts to enhance El Nifio 
development). Orbital forcing was also found to strengthen the Asian monsoon and the 
Pacific Walker circulation, increasing easterly trade winds across the Pacific, leading to 
a pronounced cold tongue and enhanced upwelling intensifying La Nifias (Bush, 1999; 
Liu et al., 2000). Further modelling also suggests that a weaker thermocline reduces 
upwelling influences on SST and reduces ENSO variability (Liu et al., 2000). These 
models indicate multiple mechanisms for mid-Holocene changes in ENSO, but none 
contradict an enhanced La Nifia state for the mid-Holocene. 
An enhanced La Nifia state is also supported by evidence from Papua New 
Guinea, and indirectly by strengthened monsoons. Spectral analysis of a 6.5 ka coral 
8180 record from Madang, PNG shows the lowest inter-annual variability of the last 
125 ka, and suggests suppressed El Nifio activity (Tudhope et al., 2001). In addition, 
cumulative charcoal records of PNG highlands and Indonesian fire histories suggest a 
more stable highland climate before 5 ka (Haberle et al., 2001). 
Many regions show an increase in monsoon intensity in the mid-Holocene: the 
period was marked in Northern Australia by high effective precipitation (Shulmeister 
and Lees, 1995); the East Asian monsoon penetrated further north than today (An et al., 
2000); western India received maximum precipitation at this time (Thamban et al., 
2002), with high, stable lake levels in the Thar desert (Enzel et al., 1999); the Asian 
southwest Monsoon (Oman and Arabian Sea region) was more active than present 
(Neff et al. , 2001 ; Gupta et al., 2003); higher precipitation was also inferred from Mt 
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Kenya lake records (Barker et al., 2001), and high lake levels were also found in east 
Africa (Gasse, 2000; Chalie and Gasse, 2002); in Saharan Africa, this period is often 
referred to as the African Humid Period (deMenocal et al., 2000a; Gasse, 2000). 
Indirectly, increased monsoon intensity supports a La Nina state. The landward 
migration of monsoon convection, whether due to greater summer insolation in the 
northern hemisphere or increased land-sea pressure gradient, would draw moisture 
from the western Pacific contributing to the salinity increase in the warm pool region. 
The increased equatorial Pacific SST gradient would increase trade winds and stronger 
trade winds are more likely to be associated with a La Nina state. 
The mid-Holocene fossil corals form Muschu and Koil Islands show generally 
cooler and more saline conditions in the early- to mid-Holocene WPWP. Altogether, 
regional and Pacific-wide oceanographic datasets of the equatorial Pacific SST and 
salinity structures suggest an enhanced La Nina state during the mid-Holocene. 
Abrupt shift: 6.1-5.4 ka 
The residuaVsalinity results from this study show an abrupt shift to less saline 
conditions than at present between 6.1-5.4 ka (Fig. 5.4). It is unlikely that the abrupt 
shift was caused by local changes in the Sepik River: dating and mapping of Sepik 
floodplain sediments suggests that at 6 cal kyr BP an inland sea existed in the Sepik-
Ramu lowlands, and this sea infilled steadily to present (Swadling et al., 1989; 
Chappell, 1993). Thus, progradation of the Sepik River occurred over a much longer 
timescale than the salinity shift defined by the Muschu/Koil corals. In addition, it is 
unlikely that the Sepik flood plume exerted a greater influence on the Muschu corals 
than today, even if the river discharge was greater than today, because mixing of ocean 
and river water occurred in the inland sea (Swadling et al., 1989; Chappell, 1993). So it 
is unlikely freshwater plumes reached Muschu and Koil Islands. However, the salinity 
shift may, represent a regional shift in climate; an abrupt shift in climate is seen in 
terrestrial cumulative charcoal records from the Indonesia/PNG area (Haberle et al., 
2001). The changes in the charcoal record are attributed to increased ENSO variability 
after 5 cal kyr BP (Table 5.8, Fig. 5.10). The shift to lower salinity, indicated by the 
corals could represent a decrease in evaporation, an increase in rainfall, and/or less 
ocean mixing between surface water and relatively higher 8180 deep water (implying 
reduced trade winds), allowing a freshwater "warm pool" to develop. The abrupt shift 
could represent the establishment of modern-like oceanographic conditions in the 
western tropical Pacific, paving the way for an increase in ENSO activity. 
The abrupt shift recorded in the fossil corals is in contrast to the gradual 
changes in ENSO seen in other tropical Pacific proxies. Koutavas et al. (2002) suggest 
an end to the La Nina-dominated conditions in the east Pacific when Rodbell et al., 
(1999) and Moy et al. (2002) find an increase in intermediate to strong El Nino events, 
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and as the maximum penetration of the Asian monsoon was moving southward (An et 
al., 2000). The rapidity of the abrupt shift in the warm pool, integral to the ENSO 
system, is in contrast to the gradual nature of change seen in the other ENSO proxies. 
Table 5.8: Summary of mid-Holocene climate records showing abrupt shifts. Pre- and post- shift climate, 
and cause of shift are as described for each citation. 
Location Pre-shift conditions Post-shift Cause of climate shift 
conditions 
Indonesia Low charcoal - High charcoal - Intensification of El Nifio 
/PNGa stable climate increased climate related climate variability 
variability 
Thar Absence of eolian Increase in eolian Major environmental change 
Desert, sand, steady sand, lake causing dune destabilisation. 
NW increase in desiccation Weakening of the monsoon 
lndiab lacustrine activity on Indian subcontinent 
Hoti Wetter climate - Diminished Variations in solar radiation 
Cave, higher monsoon/ITCZ (changes in atmospheric or 
Omanc monsoon/ITCZ precipitation oceanic circulation 
rainfall amElifying solar forcing) 
Hole SW monsoon winds WeakerSW Weakening is one of several 
723A, equivalent to the monsoon winds occurring on centennial time 
Arabian Holocene mean compared to the scales. Correlate with cold 
Seact Holocene mean sEells in the Nth Atlantic. 
ODP Site Low terrigenous High terrigenous Non-linear ocean and 
658C, W dust- African dust - onset of vegetation feedbacks to 
Africae Humid Period arid conditions insolation changes. 
Sub-polar Mean conditions Increased drift-ice Cold ocean water episode is 
Nth - advection of one of several occurring on 
Atlanticr cooler water centennial time scales. 
Reduced solar input, causing 
reduced Nth Atlantic 
thermohaline overturn. 
ODP Site Mean conditions Decreased Nth Increased sensitivity of 
980, Nth Atlantic Deep deepwater to ocean surface 
Atlanticg Water forcing. 
contribution. 
Sth Very low ice-rafted SSTs cooled, sea Orbital forcing induced non-
Atlantic debris, warm ice advanced, linear feedbacks originating 
Oceanh diatom SST increased ice- in the tropics. 
rafted debris 
aHaberle et al. (2001) and Haberle and Ledru (2001) bEnzel et al. (1999), cNeff et al. (2001), 
dGupta et al. (2003), edeMenocal et al. (2000a; 2000b) Claussen, et al. (1999), 1J3ond et al. 
(2001), gOppo et al. (2003), hHodell et al. (2001) 
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Figure 5.1 0: Comparison of Muschu and Koil fossil coral results with records ot the 
mid-Holocene abrupt shift seen around the world . Record sources are given in the 
legend. Grey shading shows the "abrupt-shift " defined in the different records. The 
abrupt shift occurs at the same time or slightly after that seen in the corals. 
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The coral and charcoal records however, are not the only records to define an 
abrupt change occurring during the mid-Holocene. The coral salinity shift occurs at the 
same time as the abrupt climate shifts seen in climate records from Africa ( deMenocal 
et al., 2000a; deMenocal et al., 2000b), Oman and the Arabian Sea (Neff et al. , 2001; 
Gupta et al., 2003), India (Enzel et al., 1999), Antarctica (Rodell and Kanfoush, 2001), 
and the North Atlantic (Bond et al., 2001; Oppo et al., 2003, Fig. 5.8). The abrupt shifts 
seen in various parts of the world have been attributed to a number of factors, such as a 
direct solar forcing response, and a non-linear internal climate response to external 
forcing (Table 5.8). It is interesting to note that while all records show a climate 
perturbation during the mid-Holocene, there appears to be two "modes" of variation: 
(1) an abrupt transition from one state to another, eg deMenocal et al. (2000a; 2000b) 
and (2) an enhanced deviation of an established millennia! scale oscillation, eg Oppo et 
al. (2003). It is interesting that the enhanced mid-Holocene millennia! scale oscillation 
occurs at the same time as abrupt transitions in other parts of the world, and perhaps the 
abrupt transition is acting to exacerbate the millennia! scale oscillation. The coral 
records are more reminiscent of the abrupt transition mode. 
It is difficult to say what the main forcing mechanisms for the abrupt shift could 
be. The available dating is not resolved enough to discern leads or lags between the 
records. The coral results suggest, however, that there may be another component 
potentially influencing Holocene climate: changes in the warm pool and ENSO 
inducing feedbacks in tropical monsoon systems, and teleconnecting to other parts of 
the world. 
Today the WPWP actively influences climate in distal locations. SST changes 
in the WPWP play a role in the variability of the Asian, Australian and African 
monsoons, by influencing the strength of atmo~pheric heating gradients (Webster et al., 
, 1998). Indeed, precipitation anomalies in many regions are linearly related to Pacific 
SST anomalies and associated surface wind anomalies (Ropelewski and Halpert, 1989). 
For example, the enhanced SST anomaly in the western Pacific, and the duration of the 
1999-2001 La Nifia, are thought to be responsible for the recent drought in central and 
southwest Asia (Iran/Afghanistan/Pakistan), through increasing precipitation anomalies 
in the eastern Indian Ocean (Barlow et al., 2002). 
Climate perturbations associated with ENSO related Pacific SST anomalies are 
not limited to tropical regions: "atmospheric bridges" link the equatorial Pacific with 
SST anomalies as far afield as the North Atlantic (Lau and Nath, 1994; Klein et al., 
1999; Lau and Nath, 2001; Rod6, 2001; Alexander et al., 2002). These bridges allow 
equatorial Pacific SST anomalies to induce changes in the location of cloud cover and 
evaporation, altering net heat fluxes, and resulting in remote SST anomalies (Klein et 
al. , 1999). Thus, although mechanisms of mid-Holocene links between the WPWP and 
other regions are likely to be different to those today, modern climatology has 
demonstrated that the links exist. Recent modelling studies have implicated tropical 
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SSTs as drivers of palaeoclimate change. odBattisti (2001) find incr~a~ 
. . ect tropical 
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Post-shift: 2 ka 
There is only <Jne coral record analysed from the post-shift period, the 21 ~ 
-l\..a coral 
FM09, from Rebiew Bay, Muschu Island. "No conJis were found to represent the t· 
between FM09 and the older samples. This sole prox:.y record indicates a slightly Irne 
I . d't· h h h . . . h' cooler SST and more sa IDe con I IOns t an at present, t oug It Is wtt m error of the . 
. . Signals 
of modem corals (Ftg. 5.4). Results are similar for samples of the same age frolll If 
Peninsula, Papua New Guinea (Tudhope et al., 2001). Comparison with other uon 
from the western P acific shows similar results (Figs.5.6, 5.7 and 5.9). 
records 
CONCLUSIONS 
Eight fossil coral records from Muschu and Koil Islands were u 
1. t h . h p 'f· 1 . Sed to investigate mean c Ima e c anges m t e western act tc warm poo smce the 
early 
Holocene (-7 .6 ka -present). The following conclusions can be drawn frorn 
these 
results: 
• 
• 
Estimates of mid-Holocene oceanic 14C reservoir ages using paired tJ 
and radiocarbon dates on the fossil corals, suggest large variability dur~Th 
this period, that probably reflects variability in mid-Holocene oc ~g 
eamc 
upwelling. The pattern of change in the reservoir age results br 
oadly 
matches the Sr/Ca-SST and ~8180 results. 
Relative to today, fossil coral Sr/Ca-SSTs from 7.6 to 6.1 ka inct· 
1 Icate 
-0.9°C cooler SSTs, and higher coral ~8 80 values (equivalent to -l 5 
higher SSS) suggesting more saline (drier) conditions. . psu 
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• The 7.6-6.1 ka coral results appear slightly cooler than proxy records from 
the tropical western Pacific, however are consistent with an enhanced La 
Nifia state proposed for the mid-Holocene tropical Pacific, where stronger 
trade winds extend the cold tongue across the Pacific giving rise to the 
cooler mean Sr/Ca-SSTs and the higher SSS. 
• Between 6.1 and 5.4 ka, ~3180 values suggest a rapid transition to less 
saline (fresher) conditions (-1.5 psu lower than today). This may represent 
the rapid initiation of moisture convergence into the WPWP, marking the 
establishment of a warm pool like we have today, and paving the way for 
the increase in ENSO warm events suggested by other proxy records from 
the tropics. 
• The timing and nature of the rapid climate shift in the fossil coral ~&1 80 
coincides with mid-Holocene abrupt shifts recognised in proxy climate 
records from around the world. Given the influence of the WPWP on global 
climate today, the abrupt shift defined by the Muschu and Koil fossil corals 
I 
could herald ocean-atmosphere interactions in the mid-Holocene warm pool 
as an additional driver of mid-Holocene climate. A second abrupt shift 
between 7.6-7.1 kamay be present in the Sr/Ca-SST record. 
• Results from one fossil coral at 2 ka suggest conditions were close to 
modern at this time. 
CHAPTER 6 EL NINO-SOUTHERN OSCILLATION 
DURING THE MID-HOLOCENE 
INTRODUCTION 
The fossil coral Sr/Ca and il0180 results in Chapter 5 indicate an enhanced La 
Nifia state from 7.6-6.1 ka, and, between 6.1-5.4 ka, an abrupt salinity shift from more 
saline to less saline conditions relative to the present. In addition, they show similar 
conditions to the present existing at 2 ka. These changes represent major shifts in the 
climate of the WPWP, but how are these changes manifested in the seasonal cycles of 
Sr/Ca-SST and Ll0180? How do seasonal cycles differ from today? Can differences in 
the fossil coral Sr/Ca-SST and ilo180 at the seasonal scale be used to infer changes in 
ENSO processes during the mid-Holocene? 
Changes in the mean SST gradients of the tropical Pacific are predicted to have 
an impact on ENSO processes (Cane et al., 1997). For the mid-Holocene the modelling 
study of Clement et al. (2000), suggests changing Pacific SST gradients, due to changes 
in the Earth's orbital parameters, suppress El Nifio events. The modelling study of Liu 
et al. (2000) suggests that an intensified mid-Holocene south Asian summer monsoon, 
increases equatorial Pacific trade winds, and inhibits El Nifio formation. While palaeo 
records suggest less frequent and less intense ENSOs (Rodbell et al., 1999; Tudhope et 
al., 2001; Moy et al., 2002) the predicted changes in ENSO life cycle during the mid-
Holocene are still unconfirmed. 
Fossil and modern corals can be used to produce proxy climate records at up to 
near-weekly resolution. Thus, the corals from Papua New Guinea, in the heart of the 
warm pool, present a unique opportunity to resolve both changes in the seasonal cycle 
and ENSO processes. In this chapter, bimonthly records of Sr/Ca-SST and il0180 from 
four Holocene corals will be used to explore the seasonal expression of the mean 
Holocene climate in SST and SSS identified in Chapter 5. In addition, bimonthly 
Sr/Ca-SST and ilo180 of El Nifio years, where El Nifio years were defined using the 
annually-resolved 0180 coral records, will be used to examine how El Nifio events 
develop and progress. The term 'El Nifio' is used interchangeably with 'ENSO warm 
event', in accordance with the formal definition of El Nifio proposed by Glantz (1996). 
Inter-annual variability will also be investigated using yearly 0180 records. 
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El Nino-Southern Oscillation in the mid- to late- Holocene 
Knowledge of ENSO in the mid- to late-Holocene has come from a variety of 
proxy and modelling studies, the most recent of which are summarised as follows: 
(i) Millennial-centennially resolved foraminifera Mg/Ca SST records from across 
the equatorial Pacific suggest a stronger east-west SST gradient during the mid-
Holocene (Koutavas et al., 2002; Stott et al., 2002). This implies stronger 
easterly trade winds and La Nifia conditions. 
(ii) Coupled ocean-atmosphere modelling studies of Holocene ENSO suggest that 
ENSO variability, though present throughout the Holocene, has steadily 
increased from the mid-Holocene to the present (Clement et al., 2000; Liu et al., 
2000). Clement et al. (2000) attributes the lower mid-Holocene variability to 
precession of the Earth's equinoxes and the timing of equatorial ocean heating, 
such that equatorial Pacific trade winds strengthen during the austral spring 
when ENSO warm events develop. The timing of the strengthened trade winds 
provides a negative feedback on warm event development. Liu et al. (2000) 
suggest that reduced ENSO intensity is caused by: (1) strengthening of the 
Asian summer monsoon, increasing Pacific trade winds, and (2) weakening of 
the equatorial thermocline, through subduction of warm water from the southern 
hemisphere subtropics. 
(iii) The increase in frequency of El Nino-related storm deposits in Laguna 
Pallcacocha, an Ecuadorian lake, suggests an increase in ENSO warm events 
from 7-1.2 cal kyr BP (Rodbell et al., 1999; Moy et al., 2002). The composition 
of mollusc assemblages at coastal Peruvian archaeological sites suggests an 
ENSO onset at 5.8 cal kyr BP (Sandweiss et al., 1996). 
(iv) Inter-annual variability in Holocene coral 8180 records from PNG shows 
suppressed ENSO variability at 6.5 ka and enhanced ENSO variability from 3-2 
ka (Tudhope et al., 2001). 
(v) Higher charcoal content in terrestrial sediment cores from 5 cal kyr BP until the 
present from the Indo-Pacific and central America suggests more variable 
precipitation, thought to be due to increased ENSO variability (Haberle et al., 
2001; Haberle and Ledru, 2001 ). 
(vi) A 47-year-long coral Sr/Ca and U/Ca SST record from Vanuatu at 4.15 cal kyr 
BP shows an increase in El Nifio strength at this time, with El Nifio induced 
cooling of 1 °C compared to 0.5°C today (Correge et al., 2000). 
(vii) Coral microatoll 8180 records from Christmas (Kiritimati) Island in the central 
equatorial Pacific show weaker ENSO-related SST and rainfall variability from 
3.8-2.8 ka, though more pronounced variability at 1.7 ka (Woodroffe and 
Gagan, 2000; Woodroffe et al., 2003). The increased ENSO amplitude at -2 ka 
is attributed to stronger Southern Oscillation-Intertropical Convergence Zone 
teleconnections. 
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Although the general trends in Holocene ENSO variability between the palaeo-
data and modelling studies are in agreement, there are differences in the magnitude of 
predicted changes (Gagan et al., in press). Coral records show larger ENSO SST 
anomalies than those predicted by the modelling studies (Clement et al., 2000; Correge 
et al., 2000; Woodroffe et al., 2003). These discrepancies suggest that additional 
processes to those modelled may be involved. Additional high-resolution proxy records 
from the tropical Pacific are crucial to further understanding the processes controlling 
the mid-Holocene ENSO, and model-proxy discrepancies. 
ENSO processes in the past may not always have been the same: therefore the 
palaeo-proxies may not be recording a true ENSO signal. This is especially true of 
regions distal to the equator, which are influenced by ENSO via atmospheric 
telelconnections. The strength of present day ENSO-teleconnections are known have 
changed over the last few centuries (Cole and Cook, 1998; Hendy et al., 2003). 
Modelling and proxy record studies suggest that ENSO-teleconnections were indeed 
different during the Holocene (Meehl and Branstator, 1992; Otto-Bliesner, 1999; Haug 
et al., 2001 ; Woodroffe et al., 2003). It must be recognised that proxy signals, even in 
regions directly affected by ENSO, may be reflecting changes in the strength of the 
ENSO-teleconnection rather than in ENSO itself. The ENSO-teleconnection may be 
changing because of ENSO changes, or other climate changes in the teleconnected 
region. 
The fossil coral records from the northern coastal PNG presented in this study 
are unlikely to reflect changes in teleconnections during the Holocene. Ocean-
atmosphere interactions in this region today are directly involved in ENSO processes, 
so any change in this area in the past are most likely reflecting a real change in ENSO, 
rather than a change via an ENSO-teleconnection. Moreover, the coral records 
presented here record inter-annual variability in both SST and salinity, to examine 
separately past changes in the ocean and atmosphere. 
RESULTS 
ENSO inter-annual variability 
As shown in Chapter 3, modern El Nifio events are manifested as unusually 
cool/dry years in annually-resolved coral 8180 records (also see modern coral, MS01, 
Fig. 6.1). During El Nifio events the coral 8180 increases because of the reduction in 
SST, and a regional increase in salinity associated with reduced rainfall. This 
diagnostic signal is used to investigate El Nifio events during the mid-Holocene. 
In Chapter 5, annually-resolved 8180 results from fossil corals were averaged, 
and along with Sr/Ca-SST, used to calculate mean ~81 80. Here the annual 8180 data are 
investigated further to explore inter-annual variability, and to identify El Nifio events. 
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Selected El Nifio events from the annual 8180 records were then analysed for 8180 and 
Sr/Ca at bimonthly resolution, to reconstruct SST and ~8180 variability during these 
events (see next section). 
As was discussed in more detail in Chapter 3 and 5, annually-resolved samples 
were milled from eight fossil corals, with years defined by the transition from high to 
low density bands, as seen in coral X-rays. Duplicate annual samples were analysed for 
8180 giving a standard error less than or equal to 0.05%o. The modern coral from 
Muschu Island (MSOl) is used for comparison with the fossil corals. 
The annually-resolved 8180 data of the fossil corals plotted in Fig. 6.1a show 
inter-annual variability, though seemingly less than that for the modern coral MS01 
(data given in Appendix 3). To better compare inter-annual variability between the 
records, and to remove long-term trends in individual corals, 8180 was normalised (Fig. 
6.1 b). The normalised results show reduced inter-annual variability and suggest 
reduced ENSO variability. 
The modern coral record MSO 1 was used to develop a threshold from which 
ENSO warm events could be identified in the fossil records. The normalised 8180 
values from ten moderate to strong El Nifio events from 1950-1997, identified by 
Quinn and Neal (1987), give an average normalised 8180 of 0.18 ± 0.06%o(lcr) (Fig. 
6.1b). Thus, normalised ~V 80 values between 0.12 and 0.24%o in the fossil coral records 
are likely to indicate moderate to strong ENSO warm events. Years with 8180 values 
higher than 0.24%o are classed as very strong El Nifio events, similar in magnitude to 
the 1997 event. TheEl Nifio threshold was also calculated excluding the 1997 event to 
test if this large event biased the threshold to a higher value. While excluding the 1997 
event reduced the mean El Nifio event magnitude (0.18%o to 0.17%o), the standard 
deviation on this mean was also reduced (down to ±0.4%o), thus raising the El Nifio 
threshold value further than if the 1997 event was included. Since fossil events are 
being compared to the modern record it is not valid to exclude this modern event just 
because it is very large. 
Assuming that any year with a normalised 8180 greater than 0.12%o is an El 
Nifio event, modern coral MS01 has an El Nifio event frequency of 1/7 years (n = 90 
years), and for the post-1950 period, 115 years (n = 47 years). The average El Nifio 
event frequency for the mid-Holocene (7 .6 to 5.4 ka) is 1/9 years (n = 215 years). This 
result suggests some suppression of ENSO during the mid-Holocene, though not as 
much as suggested by Equadorian lake sediment records (1/10-20 years for -7 to 5 ka, 
Rodbell et al., 1999; Moy et al., 2002). The record from 2 ka (FM09) has a seven-year 
period within or very close to the moderate to strong El Nifio band (Fig. 6.1b). This 
could represent an extremely long El Nifio event, longer than the protracted event of 
1992-1994. There does not appear to be a change in the frequency of ENSO warm 
events before or after the abrupt shift from high salinity at 6.1 ka (1/10 years, n = 89 
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years) to low salinity at 5.4 ka (1/13 years, n = 25), indicated by the mean ~81 80 
records, examined in Chapter 5. 
20years 
FM09 
2.04 ka 
FM22 
5.35 ka 
FM21 
5.85 ka 
FM07 
5.88 ka 
FM15, 6.09 ka 
FM23 
7.1 ka 
FM24 
7.27 ka 
Fk05 
7.65 ka 
---..Younger 20years ___..Younger 
Figure 6.1: Comparison of inter-annual variability in coral 8180 records. (a) Raw 8180 
results (black trace with circles) based on measurements of annual samples. Blue 
dotted trace shows 1 0 year running mean and, where <20 years were analysed the 
mean ()180 value (b) 8180 results normalised by subtracting the smoothed traces 
(blue lines in (a)). Black dotted lines at +0.18%o indicate the average amplitude for 
moderate to strong El Nifio events for 1950-1997. The green box is± 10' from the 
modern El Nifio average and indicates the threshold for El Nifio years in the fossil 
records. The yellow box indicates the threshold for very strong El Nifio events. The pink 
dashed line is the zero line. Red traces indicate sections analysed at high-resolution to 
examine palaeo-EN SO events. In the fossil records older than 5 ka, El Nifio events are 
less common and inter-annual variability is reduced. 
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Figure 6.2: Comparison of PNG coral 8180 results from this study with those of 
Tudhope et al. (2001 ). (a) Corals from modern, 2-3 ka and 6-6.5 ka. Results 
normalised to the mean of each record. (b) Standard deviations of the records in (a). 
Records show increased variability towards the present. The -2 ka Muschu Island and 
Madang records show large positive 8180, lasting several years, which could represent 
protracted El Nino events. 
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The fossil coral 0180 records from this study show a similar trend towards 
increased inter-annual variability from the mid-Holocene to present as those of 
Tudhope et al. (2001) for corals of comparable age (Fig. 6.2). The modem corals show 
the highest variability, and the -6.5 ka corals the least (Fig. 6.2b). The 6.5 ka coral of 
Tudhope et al. (2001) was the least variable. At -2 ka a protracted El Nifio was 
indicated by one of the corals in this study (FM09) and one of the Tudhope (2001) 
corals (Fig. 6.2a). 
High-resolution Sr/Ca-SST and .d8180 results 
Although the coral records suggest reduced inter-annual variability during the 
mid-Holocene, El Nifio-like 0180 excursions were still identified (Fig. 6.1). A selection 
of these, and their surrounding years, were analysed at bimonthly resolution for Sr/Ca 
and ()180 to reconstruct changes in: 
(i) the Sr/Ca-SST and .1.0180 seasonal cycle compared to today, 
(ii) the timing of El Nifio development relative to the Sr/Ca-SST and .1.8180 
seasonal cycle in each coral, 
(iii) El Nifio relative to today, and 
(iv) El Nifio and the Sr/Ca-SST and .1.8180 seasonal cycle with changes in the mean 
Sr/Ca-SST and .1.0180 climate conditions. 
Four fossil corals from before and after the abrupt .1.8180 shift (Chapter 5), plus 
a modem coral, were chosen for more detailed high-resolution analysis (Fig. 6.3). Only 
Muschu Island fossil corals were selected, to eliminate possible offsets between 
different islands. Potential high-resolution El Nifio targets in each coral were then 
identified, and were defined as those areas where 8180 values crossed the modem coral 
El Nifio threshold (green band in Fig. 6.lb). Finally, the specific period in each coral 
was then selected, taking into account the quality of the coral banding and growth axis 
alignment as seen on the coral X -ray. 
The positions of potential El Nifio events chosen for high-resolution sampling 
within the inter-annual coral records are shown in red in Fig. 6.1b, and the individual 
coral age, location and number of years analysed are summarised in Table 6.1. An 
average of six years/coral were sampled at high resolution. Initially it was thought that 
six years had been sampled from coral FM09, however subsequent analysis of the 
growth rate showed that only three years were analysed. 
High-resolution samples were collected using the micro-drilling system 
described in Chapter 3. An average of 26 samples/year were milled, with the milling 
increment varying depending on the coral growth rate (Table 6.1). Only 6-10 
samples/year were analysed for Sr/Ca and 12-20 sample/year for 0180. Sr/Ca and 8180 
analytical methods have been described in Chapter 3. All data were interpolated to 6 
samples/year (bimonthly) using Analyseries v1.2 (Paillard et al. , 1996). Bimonthly 
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sampling was deemed sufficient to discern the relatively small equatorial seasonal 
cycle of Sr/Ca-SST and ~8180, and changes in ENSO timing. For the re-sampling 
process, the annual maximum in Sr/Ca (equivalent to the annual SST minimum) was 
assigned to mid-January, to match the average annual time of the SST minimum 
observed in the instrumental SST record. Based on this chronology the 8180 maximum 
also occurred in mid-January. This is the same as for modern coral records, where the 
8180 maximum occurs at the same time as the annual reduction in SST and SSS, and 
when seasonal upwelling brings cooler and more saline water to the surface of the 
ocean. 
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Figure 6.3: Mean coral data presented in Chapter 5, with corals used for high-
resolution analysis highlighted in red. (a) ~Sr/Ca-SST, (b) ~8180. 
Table 6.1: Details of corals selected for high-resolution sampling. 
Coral U/Th Age (years Relative to Location at Milling No. 
ago) abrupt shift Muschu increment Years 
Island (mm) 
FM24 7270 Before MorockBay 0.5 6 
FM15 6090 Before MorockBay 0.4 8 
FM22 5380 After MorockBay 0.6 7 
FM09 2040 After Rebiew Bay 0.2 3 
MSOl 1991-98AD After CaE.e Sauro 0.15 7 
Chapter 5 describes how the mean ~8180 value represents the average 8180 of 
seawater. The average seawater 8180 value for each coral was removed from the 
corresponding high-resolution fossil coral record, to normalise them to the modern 8180 
record. This step also corrected for ice volume effects in the oldest high-resolution 
record (7.27 ka, FM24). Sr/Ca and 8180 results were then converted to SST using the 
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calibration equations from Chapter 3 and normalised to the average Sr/Ca-SST value 
for each record, and ~8180 was also calculated (Fig. 6.4). 
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Figure 6.4: Normalised 8180-SST (green curve), Sr/Ca-SST (blue curve) and the ~8180 
record (yellow curve) for each coral. (a) Modern coral MS01, (b) 2.04 ka coral FM09, 
and (c) 5.35 ka coral FM22. Both 8180-SST and Sr/Ca-SST were normalised to the 
mean Sr/Ca-SST for each record. El Nino events are annotated, with events examined 
in more detail shown in red. 
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Figure 6.4 continued: Normalised 8180-SST (green curve), Sr/Ca-SST (blue curve) and 
the ~8180 record (yellow curve) for each coral. (d) 6.09 ka coral FM15, and (e) 7.27 
ka coral FM24. Both 8180-SST and Sr/Ca-SST were normalised to the mean Sr/Ca-SST 
for each record. El Nino events are annotated, with events examined in more detail 
shown in red . 
All fossil corals show seasonality in their high-resolution records (Fig. 6.4). As 
for the modern corals, the annual 8180-SST minima for the fossil corals occur at the 
same time as the minima in Sr/Ca-SST (mid-January). For the ~81 80 records calculated 
from the 8180 and Sr/Ca data (Fig. 6.4 ), the positive ~8180 values are interpreted as 
minima in freshwater inputs into the marine environment. Negative ~81 80 values are 
interpreted as maxima in freshwater inputs. Double peaks in ~81 80 occur occasionally 
in the modern and fossil corals, although they are not as prominent as the double peaks 
observed in the modern Blup Blup Island record (Ayliffe et al., in press). 
El Nifi.o events have been annotated in the high-resolution records. All El Nifi.o 
events are indicated in the year expected from the inter-annual records (Fig. 6.1), 
except for coral FM15 (see Fig. 6.4d). Additional El Nifi.o events, from years that do 
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not cross the El Nifio threshold in Figure 6.1 are apparent in the high-resolution 
records. All these years however, do show a positive 8180 excursion in Figure 6.1. In 
coral FM15 (6.1 ka) a weak-moderate El Nifio event is indicated in year 3 (Fig. 6.4d). 
However, what appeared to be a strong, double year event in FM15 annual 8180 record 
(Fig. 6.1) does not appear as strong in the high-resolution years 6 and 7 (Fig. 6.4d). 
While Sr/Ca-SSTs are cooler during these years, 8180-SST does not decrease to the 
same extent. These years do not appear to be as strong El Nifio events as originally 
thought and the year 3 event will be used for detailed analysis in the discussion section 
below. The three years of high-resolution data from coral FM09 (2 ka) come from the 
start of the 7 -year protracted El Nifio event identified in the annual-sample 8180 records 
(Fig. 6.1). While the middle and final year are both El Nifio events the middle year will 
be studied in more detail, as this year appears to be the most severe in terms of Sr/Ca-
SST reduction and .18180 increase. The year 1 event in coral FM22 (Fig. 6.4c) was used 
for more detailed analysis in the discussion as this event shows a reduction in both 
Sr/Ca-SST and 8180-SST. Only one event was identified in coral FM24 (Fig. 6.4e). The 
modern coral1997 El Nifio event was used for comparison below as the lead-in period 
can be seen in 1996, whereas the lead-in period is not recorded for 1991-1992 and 
1992-1993 events. In general, Fig. 6.4 also shows that, during El Nifio years, negative 
excursions in the normalised 8180-SST and Sr/Ca-SST are very similar, and the 
normalised .18180 is close to zero. 
DISCUSSION 
The seasonal cycle 
To visualise changes in the structure of the mid-Holocene seasonal cycles, 
relative to the present, the high resolution Sr/Ca-SST and .18180 records were "stacked" 
(Fig. 6.5). Each coral record was "stacked" by averaging results from the same two 
months in each year, then normalising to the average mid-January Sr/Ca-SST and 
.18180 values. The modern coral seasonal cycle stack was then subtracted from each 
fossil coral seasonal cycle stack to assess the significance of differences between the 
fossil and modem records (Fig. 6.6). 
The main changes between the modern and fossil coral Sr/Ca-SST and .18180 
seasonal cycles can be summarised as follows: 
• For the 7.3 ka, 6.1 ka and 5.4 ka corals the Sr/Ca-SST has the same 
amplitude as the modern coral Sr/Ca-SST seasonal cycle. All three fossil 
coral Sr/Ca-SSTs are cooler in May, though this cooling is only significant 
at 5.4 ka (Fig. 6.6a). Sr/Ca-SSTs appear to be slightly warmer than modem 
from September to November. 
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• For the 7.3 ka, 6.1 ka and 5.4 ka corals the ~8180 has the same amplitude as 
the modern coral ~8180 seasonal cycle. ~8180 appears lower (lower SSS) 
than the modern ~8180 during May, though this is only significant at 7.3 ka. 
The ~8180 for November also appears to have decreased (lower SSS) in the 
fossil records, though this is only significant at 5.4 ka. 
• At 5.4 ka there is a significant increase in mid-year ~8180 (higher SSS). 
• For the 2 ka coral there is reduced Sr/Ca-SST amplitude relative to the 
modern coral. Sr/Ca-SST is significantly cooler in May, September and 
November. 
• The ~8180 amplitude at 2 ka is slightly higher than for the modern coral 
~8180 due to reduced mid-year ~8180 (lower SSS) and increased ~8180 in 
September, relative to the modern coral ~8180. 
As discussed in Chapter 3, the modern coral Sr/Ca-SST and ~8180 have one 
seasonal cycle minimum and maximum, respectively, occurring during the NW season 
(November-March). During this season, the northwest winds prevail. In the Muschu 
Island environment, wind-induced seasonal upwelling during the NW season leads to 
cooler SSTs and higher SSS, and rainfall is also at a minimum at this time. The 
seasonal maximum in modern coral ~8180 reflects these processes. During the SE 
season (May-August), southeasterly winds prevail, and for the Muschu Island 
environment rainfall is at a maximum, as observed in the ~8180. Changes in larger-
scale WPWP processes, such as a change in the dominant winds, should also be 
expressed in the local climate signal. 
The mean coral proxy climate records presented in Chapter 5 show that from 
7.6 ka to 6.1 ka ~8180 and SSS were higher than present. In combination with other 
equatorial Pacific proxy records, the results suggest a mid-Holocene La Ni:fia state in 
the Pacific, with an increased E-W SST gradient driving stronger easterly trade winds, 
and thus increasing evaporation. The increased trades may also increase mixing across 
the thermocline, bringing cooler and more saline waters to the surface. In the Muschu 
region today, southeasterly trade winds dominate during theSE season (May-August), 
and result in a seasonal rainfall maximum at this time. For the high-resolution 7.3 ka 
and 6.1 ka records, ~8180 is lower during the SE season (higher fresh water inputs). 
The decreased ~8180 relative to present suggests an increase in rainfall during this 
season. While the mean ~8180 data suggest that stronger easterly winds in the warm 
pool region increase evaporation (higher mean ~8180), locally this results in higher 
rainfall during the SE season superimposed on the change in the mean. 
The simultaneous Sr/Ca-SST minima and ~8180 maxima in all the high-
resolution fossil coral records occur in January. The timing is the same as in the 
modern record, and the co-incident Sr/Ca-SST minima/~8180 maxima are due to 
upwelling of cooler and more saline waters to the surface ocean. In both the fossil and 
modern records the co-incident Sr/Ca-SST minima/~8180 maxima occurs once during 
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Figure 6.5: Stack of coral seasonal cycles of (a) Sr/Ca-SST (blue), and (b) ~8180 
(yellow), normalised to mid-January values. Error bars are the standard error on each 
bimonthly point. The modern coral trace (grey) is shown on the fossil coral graphs for 
comparison. Fossil coral Sr/Ca-SSTs are similar to modern, except at 2 ka. Fossil coral 
~8 1 80 shows variations from modern. 
the seasonal cycle (January) and thus upwelling probably only occurs annually. The 
oceanic 14C reservoir correction, calculated from radiocarbon and U-Th dating of the 
fossil corals, is also an upwelling signal (see Chapter 5). Since the high-resolution 
records suggest that upwelling only occurs once a year, the oceanic 14C reservoir 
correction can be taken as a measure of the strength of upwelling during the NW 
season. The 14C reservoir correction at 7.3 ka is 250 14C yr and the 6.1 ka correction is 
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80 14C yr, compared to a reservoir correction of 420 14C yr today (Chapter 5). This 
suggests upwelling was weaker in response to weaker northwesterly winds and/or 
stronger southeasterly winds during the NW season, compared to the present. This 
would be expected if easterly winds were stronger, as suggested by the mean fossil 
coral proxy records. 
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Figure 6.6: Difference between fossil and modern coral seasonal cycle stackDs (from 
Fig.6.5) for (a) normalised Sr/Ca-SST and (b) ~8180 . Vertical bars are the combined 
errors for the modern and fossil corals. Differences are significant for points where the 
error bar does not cross the zero line. 
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From 6.1 ka to 5.4 ka the mean ~8180 records in Chapter 5 show an abrupt 
decrease in salinity. This change could represent an increase in precipitation in the 
warm pool and/or a decrease in evaporation. A decrease in evaporation would suggest a 
decrease in the strength of the easterly trade winds. If this occurs then two things would 
be expected in the local Muschu Island region: (1) the rainfall in theSE season would 
decrease, and (2) upwelling would increase due to stronger northwesterly winds during 
the NW season. Both features are evident in the 5.4 ka high-resolution records and the 
5.4 ka oceanic 14C reservoir correction. The 5.4 ka seasonal cycle record shows that the 
mid-year ~8180 is higher than at present. This suggests that local rainfall has decreased, 
consistent with an overall weakening of the southeasterly winds. The 14C reservoir 
correction at 5.4 ka is the same as today (420 14C yr), which would suggest that the NW 
season was the same strength as today. Whilst locally the decreased strength of the 
easterly trade winds may cause changes in the rainfall distribution, in the warm pool as 
a whole the weaker trades and strengthened NW season would allow fresh water to 
accumulate by (1) increasing precipitation/decreasing evaporation and (2) allowing the 
base of the warm pool and the thermocline/halocline to become more defined. Thus the 
local variations in climate indicated by the high-resolution fossil coral records are 
consistent with the mean records presented in Chapter 5. The build-up of low salinity 
waters in the western tropical Pacific at 5.4 ka could represent the establishment of a 
modern-like warm pool. A modern warm pool at 5.4 ka, an essential part of the 
modern-ENSO system, could have contributed to the increase in frequency and 
intensity of ENSO warm events observed in other proxy records at this time. 
The Sr/Ca-SST profile at 2 ka is different from both the modern coral and the 
three oldest fossil corals (Fig. 6.5a). The seasonal amplitude of SSTs at 2 ka is 
generally smaller than modern (Fig. 6.5a) and is significantly cooler during May, 
September and November, relative to January SSTs (Fig. 6.6a). This cooler profile is a 
function of the shortness of the 2 ka record (3 years) and the high-resolution samples 
coming only from a time when El Nifio was operating. The September/November 
cooling in the stacked record is probably due to the onset of the El Nifio event, 
exacerbating cooling at that time (Fig. 6.4b ). 
The ~8180 seasonal cycle stack at 2 ka shows significantly higher mid-year 
rainfall, compared to the modern cycle (Figs. 6.5b and 6.6b ). The record also shows 
significant drying during mid-September (Fig. 6.6b). It is difficult to tell if this ~81 80 
signal is representative of salinity conditions throughout the life-time of the coral, 
because this record is only three years long (Fig. 6.4b ), and appears to come from a 
period of consecutive El Nifio events (Fig. 6.1b). If there were more, and stronger 
ENSO events at 2 ka, as has been suggested (Rodbell et al., 1999; Clement et al., 2000; 
Tudhope et al., 2001; Moy et al., 2002; Woodroffe et al., 2003), then this profile would 
be typical of that scenario. 
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Palaeo-El Nifio events 
Although the inter-annual coral records suggest a reduced number of ENSO 
warm events in the mid-Holocene compared to modern, ENSO events were not absent 
(Fig. 6.1). One El Nifio event has been identified in each high-resolution fossil coral 
record (Fig. 6.4). To explore possible changes in the timing and development of El 
Nifio events within the seasonal cycle, the El Nifio year (Y(O), grey column in Fig. 6.8) 
in each coral, plus one year before (Y(-1)) and after (Y(l)), were overlain on the 
stacked seasonal cycle for that coral (Fig. 6.7). Then, the differences between the 
average seasonal cycle and the El Nifio year (and Y(-1) and Y(1)) were examined by 
subtracting the seasonal cycle from the El Nifio year (and Y(-1) and Y(l)). 
The modern coral record for the 1997-98 El Nifio was chosen to represent the 
present, as it is clearly defined in the MS01 record (Fig. 6.7 and 6.8). Also, this "event 
of the century" (McPhaden, 1999; Johnson et al., 2000; Picaut et al., 2002) is well 
documented in the instrumental record and generally shows the clear progression of the 
El Nifio cycle (McPhaden, 1999; Picaut et al., 2002). The demise of the 1997-98 event 
is not completely captured in the MS01 record, as the coral was collected in May 1998, 
whilst the 1998-99 La Nifia event was still developing. However, the 8180 record does 
show the initial stages of the El Nifio demise (Chapter 3). The Sr/Ca record however, 
only goes to mid-January; after that there is the potential for Sr contamination in the 
samples located in the tissue layer (Alibert and McCulloch, 1997). Although MS01 
stops before La Nifia development, it does record the El Nifio, and, where necessary, 
reference will be made to the instrumental SST and precipitation records after mid-
January 1998. 
The progression of the 1997-98 El Nifio is well documented (McPhaden, 1999; 
Johnson et al., 2000; Picaut et al., 2002). The western Pacific was "primed" for an El 
Nifio by a build-up of heat during the weak La Nifia event of 1995 and 1996 
(McPhaden, 1999; Picaut et al., 2002). The 1997-98 El Nifio was triggered by a series 
of westerly wind bursts, initially in December 1996, but mainly in March 1997, 
superimposed on a central-western equatorial Pacific experiencing weakened easterly 
trade winds. McPhaden (1999) has explained further development of the 1997-98 El 
Nifio as follows: The wind bursts generated easterly ocean currents, which expanded 
the edge of the warm pool eastward, creating a positive feedback on westerly winds to 
continue to expand the warm pool towards the east. The western Pacific cooled 
throughout 1997 as the El Nifio progressed. The cooling is attributed to evaporative 
heat loss and upward mixing of cooler subsurface waters by westerly wind generated 
ocean turbulence. The El Nifio peaked in December 1997, though near the north coast 
of PNG negative SST and OLR (deep convection) occurred in January 1998. The 
modern coral records from MS01 indicated 1995 and 1996 were warmer and wetter 
than average (Chapter 3, and Fig. 6.4). The MS01 coral record also shows the 
deepening of the El Nifio through 1997, with an SST minimum and ~8180 maximum 
120 
CHAPTER 6: MID-HOLOCENE ENSO 
showing the El Nifio peak in mid-January 1998 (Chapter 3, and Fig. 6.4). TheEl Nifio 
ended in May, when easterly trade winds recovered, restoring east Pacific upwelling 
(McPhaden, 1999; Picaut et al., 2002). 
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Figure 6.7: Comparison of (a) normalised Sr/Ca-SST and (b) ~8180 for stacked 
seasonal cycles (dashed lines) from Fig. 6.5, with the three-year period (solid line) 
incorporating the El Nino year, Y(O), (shaded grey, and shown on Fig. 6.4), plus the 
year before the El Nino, Y( -1 ), and the year after the El Nino, Y( 1 ). Boxes in (b) show 
reduced rainfall, indicating the peak of the El Nino event in year Y(O). 
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Figure 6.8: Differences between the three-year period incorporating the El Nino year 
and the seasonal cycle for (a) normalised Sr/Ca-SST and (b) ~8180. The three-year 
period (solid line) shows the El Nino year, Y(O), (shaded grey), plus the year before 
the El Nino, Y ( -1), and the year after the El Nino, Y( 1). Boxes in (b) show reduced 
rainfall, indicating the peak of the El Nino in y(O). The palaeo-ENSO events show 
differences in the timing Sr/Ca-SST and ~8180 anomalies relative to the modern coral 
record. 
TheEl Nifio events at 7.3 ka, 6.1 ka and 5.4 ka are different from today (Fig. 
6.7 and 6.8). The negative Sr/Ca-SST anomalies at 7.3 ka and 5.4 ka do not coincide 
with the ~8180 anomaly, and there is almost no SST anomaly at 6.1 ka. The peak El 
Nifio Sr/Ca-SST anomalies at 7.3 ka and 5.4 ka are more severe than for 1997-98. At 
7.3 ka the Sr/Ca-SST anomaly is -1.4°C, which is 0.3°C greater than the modern 
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Sr/Ca-SST anomaly, and it occurs at the end of Y(-1). At 5.4 ka the Sr/Ca-SST 
anomaly is -1.1 °C, as for the 1997-98 anomaly, and it occurs in mid- to late- Y(O). The 
reasons for the shift in timing of the minimum Sr/Ca-SST anomaly relative to the 
L18180 maximum in the oldest fossil corals is unknown. 
The most distinct characteristic of the three older El Niiio events is the l18180 
increase during the middle of Y(O). In the modern coral record the L18180 increase 
occurs at the peak of the El Niiio, in response to a rainfall deficit and regional SSS 
increase, and is the most diagnostic feature of El Niiio in the northern coastal PNG 
region. Today, the El Niiio peaks at the end of Y(O). The i18180 maximum in the middle 
of the year in the fossil corals suggests that the palaeo-El Niiio peaked earlier than it 
does today. This can be clearly seen when the three oldest El Nino events are stacked 
(Fig. 6.9). This composite mid-Holocene El Niiio clearly shows a mid-year peak (l18180 
maximum). The timing of the peak is significantly different from the November-
January El Niiio peak today (Trenberth, 1997; Clarke and Shu, 2000). The event 
recovers within two months to average, or above average rainfall (Fig. 6.9). 
If the fossil coral l18180 maximum represents a shift in the peak of El Niiio, then 
this result confirms the modelling findings of Clement et al. (2000) and to a certain 
extent, Liu et al. (2000). Both modelling studies attribute the suppression of El Niiio to 
a strengthening of easterly trade winds across the Pacific from June-August during the 
mid-Holocene. In the Clement et al. (2000) model, winds are strengthened due to 
precession of the Earth's equinoxes. During the mid-Holocene, perihelion was such 
that maximum heating at the equator occurred during June-August. This heating would 
have caused a stronger SST anomaly in the western tropical Pacific, and enhanced 
atmospheric convection, thus strengthening the easterly winds. Therefore, just as the El 
Niiio begins to develop, the trade winds act to inhibit its progression. 
Liu et al. (2000) suggest that the strengthened easterly trades are driven by a 
strengthened South Asian summer monsoon because higher insolation from June to 
September (boreal summer) enhances convection over the Asian landmass. The 
enhanced convection tends to draw the easterly trade winds toward Asia. This, in turn, 
increases upwelling of cool water in the east Pacific, which further strengthens the 
trades during the growth stage of the El Niiio cycle, effectively suppressing its 
development and peak amplitude. The Liu et al. (2000) model also suggests a 
weakened equatorial thermocline, reducing the ability of upwelling water to reduce the 
E-W SST gradient, and therefore a suppression of El Niiio. While the coral records in 
this study cannot resolve the details of the exact mechanisms causing El Niiio 
suppression, they confirm that El Niiio events are being somewhat suppressed, and that 
this is occurring at the time of the boreal summer. 
TheEl Niiio at 2 ka has a similar structure to the 1997-98 El Niiio (Figs. 6.7 and 
6.8). TheEl Niiio at 2 ka starts in May of Y(O), following higher than average Sr/Ca 
SST and i18180 in Y(-1) (Fig. 6.7 and 6.8). TheEl Niiio peaks in terms of Sr/Ca-SST in 
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January of year Y(1) with an SST anomaly 1.2°C lower than the average. This is a 
more severe SST anomaly than that accompanying the unprecedented 1997-98 El Ni:iio. 
The rainfall deficit at 2 ka, however, was not as severe as the 1997-98 El Nifio. This 
result confirms the modelling prediction of increased El Nifio amplitude -2000 years 
ago (Clement et al., 2000), and is similar to the findings of Moy et al. (2002) and 
Woodroffe et al. (2003). 
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Figure 6.9: Composite ~8180 for the three-year period incorporating the El Nino year, 
in fossil corals aged with the mean composite seasonal cycle of ~8180 subtracted (as 
for Fig. 6.8), for fossil corals aged 7.3 ka, 6.1 ka and 5.4 ka. Error bars are standard 
error for each stacked point. The El Nino year is year Y(O) . The dark green line is the 
peak of El Nino defined by averaging the time of the maximum ~81 80 in each mid-
Holocene record. The green column is two times the standard error of this average. 
The pink shading shows the average peak in El Nino today, as shown in the composite 
El Nino records of Trenberth ( 1997) and Clarke and Shu (2000). The peak in the mid-
Holocene El Nino is at least one month earlier than at present. 
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CONCLUSIONS 
Inter-annual and high-resolution Sr/Ca and 0180 analyses of fossil corals have 
been used to investigate changes in El Nifio processes and the seasonal cycle of Sr/Ca-
SST and L18180. The results and conclusions are summarised, as follows: 
• Annual resolution coral 8180 records from the western equatorial Pacific 
during the mid-Holocene show an El Nifio frequency of 1/9 yr compared to 
117 yr for the present. This suggests suppression of El Nifio similar to that 
predicted by modelling studies, though the suppression is less than that 
suggested by Ecuadorian lake records. 
• In general, seasonal cycle records of Sr/Ca-SST and Ll0180 show local 
responses consistent with changes identified in the mean fossil coral 
climate records. 
• Specifically, at 7.3 ka and 6.1 ka L18180 is lower relative to present during 
theSE season (May-August), indicating higher freshwater inputs (rainfall). 
During theSE season today, southeasterly winds prevail and rainfall is at a 
maximum. Therefore, locally higher rainfall at 7.3 ka and 6.1 ka suggest 
stronger southeasterly winds, consistent with the La Nifia state indicated by 
mean Ll0180 data for 7.6-6.1 ka. 
• Also, at 7.3 ka, 6.1 ka and 5.4 ka the Sr/Ca-SST minima and L18180 maxima 
occur in January, the same as today. This is likely a coastal upwelling 
signal in response to northwesterly winds during the NW season 
(November-March) similar to the present. The mean results for the changes 
in oceanic 14C reservoir correction (a proxy for upwelling), suggest that the 
upwelling, and therefore the strength of the prevailing northwest winds is 
reduced at 7.3 ka and 6.1 ka, but increased at 5.4 ka. 
• In addition, at 5.4 ka L18180 is higher than present suggesting locally lower 
rainfall and therefore reduced southeast winds. The weaker southeast 
winds, plus strengthened northwest winds (indicated by the 5.4 ka oceanic 
14C reservoir correction) in the WPWP as a whole may have allowed 
freshwater to accumulate in the western Pacific region, leading to the 
establishment of a modern-like warm pool in this region and paving the 
way for increased ENSO warm events in the late-Holocene. 
• El Nifio events at 7.3 ka, 6.1 ka and 5.4 ka peaked during the middle of the 
year, 4-6 months earlier than at present. This early peak supports results 
from modelling studies, which suggest that as ENSO warm events start 
(eastward expansion of the warm pool), easterly trade winds strengthen, 
due to orbital or monsoon forcing, and suppress El Nifio development by 
returning the WPWP to its original location. 
• At -2 ka a seven year long protracted El Nifio event was identified in the 
coral 0180 record. High-resolution analysis of three years from this period 
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showed that the strongest El Nifio peaks were at the same time as present. 
The duration of this El Nifio period supports model and proxy findings of 
increased El Nifio frequency at this time. 
CHAPTER 7 CONCLUSIONS 
The western Pacific warm pool is a key component of the global climate system 
and characterizing the full range of climate variability in this region can help in 
understanding the processes that cause climate change. To this end, this thesis used 
Sr/Ca and oxygen isotope ratios, measured in fossil and modern corals from Koil and 
Muschu Islands, PNG, to investigate variability in SST and SSS in the mid-Holocene 
WPWP. Initially, modern corals were used to establish the methods later applied to 
fossil corals. Then, vadose-zone diagenesis was examined, and its implications for 
paleoclimate reconstruction explored. Next, Sr/Ca and ~81 80 records from a suite of 
eight fossil corals were used to reconstruct mean SST and SSS for the mid-Holocene. 
Finally, high-resolution analyses from four fossil corals, aged 7.3 ka, 6.1 ka, 5.4 ka and 
2 ka, were used to investigate changes in the seasonal cycle in Sr/Ca-SST and ~81 80, 
and in the progress of ENSO events, compared to the present. 
Modern coral Sr/Ca and 8180 data were used to establish the sampling methods 
and calibrations to apply to the fossil corals, to investigate signal reproducibility, and to 
investigate the climate processes controlling the modern coral climate records . Sr/Ca 
and 8180 were measured in annually-resolved samples from three modern corals, two 
from Muschu Island and one from Koil Island, for the period 1984-1997. These data 
were used to assess reproducibility of proxy signals between Porites lutea corals from 
different Islands. The Sr/Ca mean for the three corals for this period was 0.00877, and 
the Sr/Ca spread between the three corals was 0.00001 (equivalent to ± 0.7°C). The 
8180 mean for the three corals for this period was -5.48%o, and the 8180 spread between 
the three corals was 0.04%o. The spread between the Sr/Ca and 0180 data for the three 
corals is a measure of the coral Sr/Ca and 8180 reproducibility and was therefore 
included in the error on mean Sr/Ca and 8180 estimates for the fossil corals. The Sr/Ca 
and 8180 mean for the three corals was used as the baseline for comparing fossil coral 
Sr/Ca and 8180 results. Seasonally resolved Sr/Ca and 8180 data from a modern 
Muschu Island coral for the years 1991-1997 were used to establish the coral proxy-
climate calibrations. The seasonally resolved Sr/Ca data varied with satellite SST and 
was combined with Sr/Ca coral datasets from Blup Blup Island and Huon Peninsula, 
PNG to develop the following Sr/Ca-SST calibration: 
Sr/Caatomicxl03 = 11.0- 0.075 X SST 
The Muschu Island modern coral 8180 data was used to develop an 8180-SST 
calibration, given as follows: 
0180 coral(%o) = 0.03- 0.18 X SST 
127 
CHAPTER 7: CONCLUSIONS 
The 8180-SST and Sr/Ca-SST calibrations were used to calculate ~8180 by removing 
the SST component from the 8180 signal. ~8180 is a measure of 8180 of seawater 
(8180w) and this in turn can be related to SSS. To develop a 8180w-SSS calibration, and 
therefore a ~8180-SSS calibration, ten seawater samples from Blup Blup, Koil and 
Muschu Islands were measured for both 8180 and SSS and gave the following 8180w-
SSS calibration: 
818Qw(%o) =- 8.7 + 0.26 X SSS 
The three equations above were applied to the fossil coral Sr/Ca and 8180 data to 
reconstruct SST, ~8180 and SSS. An annually-resolved Muschu Island coral 8180 
record for 1911-1997 was compared to satellite SST, the Southern Oscillation Index 
and the NIN03 Index. The coral 8180 data reproduced inter-annual variability over this 
period and the majority of the El Nifio events during this period were also recorded as 
positive excursions in the coral 8180 signal. Thus, annually-resolved 8180 data were 
deemed suitable for identifying El Nifio events and this method was subsequently used 
to find El Nifio events in the fossil corals. The seasonally resolved Sr/Ca and 8180 data 
for 1991-1997 from the Muschu Island coral were used to investigate the dominant 
climate processes of the region. The Muschu coral Sr/Ca data were converted to SST, 
and the Sr/Ca data and 8180 data were used to calculate ~8180. The Sr/Ca-SST record 
showed cooling in January, probably reflecting coastal upwelling, driven by the 
prevailing northwesterly winds. The ~8180 is highest in January, most likely reflecting 
a combination of coastal upwelling of more saline waters, and the annual rainfall 
minimum. The ~8180 minimum is in the middle of the year, probably influenced by the 
higher rainfall driven by the southeasterly winds. 
The impact of vadose-zone diagenesis on coral proxies used for climate 
reconstruction was investigated. Samples from two mid-Holocene, Muschu Island 
corals were analysed for Sr/Ca and 8180 along transects from 100% coralline aragonite 
to 100% diagenetic calcite. X-ray Diffraction was used to estimate the amount of 
calcite and petrographic analysis was used to identify the diagenetic textures. The 
Sr/Ca in the diagenetically altered corals decreased dramatically as the amount of 
calcite increased. 8180 also decreased in these corals. 813C values were also generally 
lower than coralline aragonite though the magnitude of the decrease was variable. SST 
estimates from Sr/Ca and 8180 results from the vadose-zone calcite gave warm SST 
anomalies of l15°C and 14°C, respectively. The range of slopes for Sr/Ca-~SST 
reported in the literature, and shown in this study, are 1.1 to 1.5°C per percent calcite 
and are at least five times more sensitive to diagenetic changes than 8180-SSTs ( --0.2 to 
0.2°C per percent calcite). The difference in the response of Sr/Ca and 8180 to vadose 
diagenesis leads to the conclusion that 8180 signals in corals are robust when subject to 
small amounts of calcite diagenesis. Furthermore, analysis of Sr/Ca and 8180 in corals 
with low concentrations of diagenetic calcite can still be used to investigate seasonal 
and inter-annual climatic variability, although the absolute SST estimates may still be 
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erroneous. The combination of XRD and thin-section petrography, along with high-
resolution analysis of Sr/Ca for 1-2 years of coral growth, should reveal noise in the 
record due to even low concentrations of calcite. XRD and thin-section petrography 
showed that corals used for climate reconstruction in this thesis are free of any 
significant diagenesis. 
Eight fossil coral records from Muschu and Koil Islands were used to 
investigate mean changes in Sr/Ca-SST and il8180 in the western Pacific warm pool. 
Fossil coral Sr/Ca-SSTs from 7.6 to 6.1 ka indicate 0.5°C cooler SSTs compared to the 
present. Fossil coral il8180 values are higher by -0.3%o and are more saline by -1.5 
psu, relative to today. Although initially the cooler SST estimates from the 7.6-6.1 ka 
coral results appear contrary to other proxy SST records from the tropical western 
Pacific, collectively these suggest an enhanced La Nifia state operating during the mid-
Holocene. An enhanced La Nifia state would result in increased westward penetration 
of the equatorial cold tongue producing cooler SSTs and more saline conditions in the 
PNG region. Between 6.1 and 5.4 ka il8180 values suggest a rapid transition to less 
saline (fresher) conditions by -1.5 psu compared to today. This may represent a rapid 
initiation of moisture convergence at the WPWP, marking the establishment of a warm 
pool like we have today, and paving the way for the increase in ENSO warm events 
that has been suggested by other proxy records from the tropics. The timing and nature 
of the rapid climate shift in the fossil coral il8180 coincides with mid-Holocene abrupt 
shifts recognised in proxy climate records from around the world. Given the influence 
of the WPWP on global climate today, the abrupt shift defined by the Muschu and Koil 
fossil corals could herald ocean-atmosphere interactions in the mid-Holocene warm 
pool as an additional driver of mid-Holocene climate. Paired radiocarbon and U-Th 
dating of the eight fossil corals were used to estimate changes in the reservoir age of 
the northern coastal PNG region. The reservoir age from 7.3 ka to 5.8 ka was 200 14C 
yr, compared to 420 14C yr today and this result suggests reduced upwelling at this 
time. The trend in the reservoir age results after 5.8 ka broadly matches the shift seen in 
the Sr/Ca-SST and il8180 changes. Results from one fossil coral at 2 ka suggest 
conditions were close to modern at this time. 
El Nifio processes and the seasonal cycle of Sr/Ca-SST and il8180 were 
investigated using inter-annual and high-resolution Sr/Ca and 8180 analyses of fossil 
corals. The annually resolved 8180 data from the Koil and Muschu fossil corals showed 
that the mid-Holocene El Nifio had a recurrence interval of nine years compared to 
seven years for the present. This suppression is similar to that predicted by El Nifio 
modelling studies, though less than that suggested by other El Nifio proxy records. 
Seasonally resolved Sr/Ca-SST and il8180 were reconstructed from Sr/Ca and 8180 data 
from four fossil corals aged 7.3 ka, 6.1 ka, 5.4 ka and 2 ka. These data showed local 
manifestations of larger-scale WPWP climate changes. Seasonal cycle records of 
Sr/Ca-SST and il8180 for Muschu corals aged 7.3 ka, 6.1 ka and 5.4 ka, show Sr/Ca-
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SST minima and .!l8180 maxima in January, during the NW season (November-March), 
when northwesterly winds prevail. This timing is similar to today, and wind-induced 
coastal upwelling likely cause the Sr/Ca SST minima, and upwelling and a combination 
of upwelling and reduced rainfall cause the .!l8180 maxima. Mean oceanic 14C reservoir 
ages for the 7.3 ka and 6.1 ka corals are lower than present suggesting that the 
upwelling intensity was reduced. At 5.4 ka the mean oceanic 14C reservoir age is the 
same as today, suggesting similar upwelling intensity. The .!l8180 seasonal records for 
7.3 ka and 6.1 ka during theSE season (May-August) are lower relative to the present, 
suggesting that rainfall is enhanced during this season. In the SE season today, winds 
are predominantly from the southeast and rainfall in the Muschu region is higher. If the 
high-resolution il8180 records at 7.3 ka and 6.1 ka suggest locally enhanced rainfall, 
then this implies stronger southeasterly trade winds. Strong southeasterly trade winds 
suggest stronger Pacific SST gradients and this is consistent with an enhanced La Nifia 
state identified in mean coral records for 7.6-6.1 ka. The .!l8180 seasonal record at 5.4 
ka suggests locally reduced rainfall during the SE season, and therefore weaker trade 
winds. The weaker southeast winds, plus strengthened northwest winds (indicated by 
the 5.4 ka oceanic 14C reservoir age) in the WPWP as a whole may have allowed 
freshwater to accumulate in the western Pacific region, leading to the establishment of 
a modern-like warm pool in this region, and thus are consistent with the mean Sr/Ca-
SST and il8180 records. Although the annually-resolved 8180 data suggests that El 
Nifio events were suppressed during the mid-Holocene, these events were not absent 
and four events were analysed at seasonal resolution in the7. 3 ka, 6.1 ka 5.4 ka and 2 
ka corals. El Nifio events at 7.3 ka, 6.1 ka and 5.4 ka all show .!l8180 maximum 
(reduced SSS) during the middle of the year. Reduced SSS is characteristic of El Nifio 
events today, however the SSS minimum, ie the peak of the El Nifio event, usually 
occurs at the end of the El Nifio year. The mid-Holocene .!l8180 maximum during the 
middle of the year suggests that mid-Holocene El Nifio events peaked 4-6 months 
earlier than at present. This early peak supports results from modelling studies, which 
suggest that as ENSO warm events start (eastward expansion of the warm pool), 
easterly trade winds strengthen, due to orbital or monsoon forcing, and suppress El 
Nifio development. A seven year period of continual, strong El Nifio events were 
identified at -2ka in annually-resolved 8180 records. High-resolution analysis of three 
years from this period shows the maximum 8180, and therefore the El Nifio peak, 
occurring at the same time as present. The duration of this El Nifio period supports 
model and proxy data findings of increased El Nifio frequency at this time. 
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APPENDIX 1: DESCRIPTION OF CORALS 
Coral and water samples were collected from the Northern Coastal Region of 
Papua New Guinea, during Leg 6b of Project TROPICS (Tropical River-Ocean 
Processes In Coastal Settings), 24 May - 19 June 1998. The following tables detail 
fossil and modern coral, and water sample collection date and location, coral core 
length and quality, and water depth for modern corals. 
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Table 1: Detai ls of modern coral cores drilled from Blup Blup, Koil, Muschu and Ninigo Islands, May-June 1998. Water depth is the approximate depth from the surface to the top 
of the coral head, at the time the coral was collected. Corals are ordered by core length. 
Sample Date Location Coral Water Core Comments 
Number Drilled Species Depth Length 
(m) (em) 
Blup Blup Island 
BB02A 28/5/98 Blup Blup Is - SW point Porites 6 73 Excellent alignment and fluorescent banding. 
03°30'344"S 144°35'043"E 
BB01A 27/5/98 Blup Blup Is - SW point Diploastrea 5 46 Excellent alignment, though fluorescent 
03°30 '462"S 144°35'072"E heliopora banding is indistinct. 
BB03A 28/5/98 Blup Blup Is - Bagit Bay Diploastrea 2.5 40 Off axis last 20 em - reaches substrate. Faint 
03°31'071"S 144°36'784"E heliopora fluorescent bands top 10 em only. 
Koil Island 
KL03A 116/98 Koil Is - SE of island Porites 5 107 Good fluorescent banding 
03°22'007"S 144°12'787"E 
KL04A 116/98 Koil Is - SE of island Porites 3 25 Off axis top 10 em. Good fluorescent banding. 
03°21'943"S 144°12'910"E Calcite and borer holes top 10 em. 
KL02A 1/6/98 Koil Is - SW of island Diploastrea 5 73 Off axis last 30 em. Very poor fluorescent 
03°21 '630"S 144 °11 '763"E heliopora banding. 
KL01A 116/98 Koil Is - SW of island Diploastrea 8 45 Poor fluorescent banding. 
03°21 '484"S 144°11 '069"E heliopora 
Muschu Island 
MS04A 3115/98 Muschu Is - Rebiew Bay Porites 6 104 Off axis last 15 em. Good fluorescent banding 
03°25'773"S 143°37' 180"E 

Sample Date Location Coral Water Core Comments 
Number Drilled Species Depth Length 
(m) (em) 
M501A 30/5/98 Muschu Is - Cape 5aum Porites 6 88 Off axis last 15 em. Has 5 borer holes in one 
03°24'794"5 143°38' 175"E area towards base. Average fluorescent 
banding. 
M502A 30/5/98 Muschu Is - Cape 5aum Diploastrea 6 87 Poor fluorescent banding. 
03°24 ' 723"5 143°37'905"E heliopora 
M503A 31/5/98 Muschu Is - Rebiew Bay Diploastrea 8 54 Poor fluorescent banding. 
03°25' 773"5 143°37' 180"E heliopora 
M505A 16/6/98 Muschu Is - Palm Village Bay Porites 1 24 Off axis last 5 em. Average fluorescent 
03°26'37"5 143°36'39"E banding. Old surface exposed on one side. 
Borer holes down another side. 
M506A 16/6/98 Muschu Is - Palm Village Bay Porites 1 20 Off axis last 5 em. Average fluorescent 
03°26'37"5 143°36'39"E banding. Ends in an old surface. 
Ninigo Islands 
NN01A 5/6/98 Ninigo Island Group - Eman Is. Porites 4 61 Off axis last 20 em. No fluorescent banding. 

Table 2: Details of fossil coral cores drilled from Koil and Muschu Islands, May-June 1998. Corals are ordered by core length. 
Sample Date Location Coral Core Comments 
Number Drilled Species Length 
(em) 
Koil Island 
FK02B 116/98 Koil Is- SW Porites 93 Stained light brown, staining obscures fluorescence. 
FK05B 116/98 Koil Island - SE reef flat Porites 53 Off axis last 10 em. No fluorescent banding. Calcite at top. 
FK03A 116/98 Koil Island - SW Diploastrea 53 No fluorescent banding. 
heliopora 
FK05C 116/98 Koil Island - SE reef flat Porites 51 Off axis for most of core. No fluorescent banding. Orange 
stain. 
FK04A 116/98 Koil Is - SE of island Porites 37 Off axis last 15 em. Calcite in top 10 em. No fluorescent 
banding. 
FKOlB 29/5/98 Koil Is - SE of island Porites 36 Borer holes top 10 em. Last 20 em eroded and replaced with 
calcite. No fluorescent banding. 
FKOlA 29/5/98 Koil Is - SE of island Porites 23 Borer holes and some calcite top 10 em. No fluorescent 
banding. 
FK05A 1/6/98 Koil Is - SE of island Porites 19 Off axis last 5 em. No fluorescent banding. Orange stain 
throughout. 
FK02A 1/6/98 Koil Is - SW of island Porites 18 Orange stain throughout which obscures fluorescent banding. 
FK06A 1/6/98 Koil Is - SE of island Porites 16 Off axis full length of core. Borer holes in top 5 em. Average 
fluorescent banding. 
Muschu Island - Rebiew Bay 
FM04A 30/5/98 Muschu Is - Rebiew Bay Porites 114 Last 20 em dark red/brown stains and off axis. Borer holes 
03°25'030"S 143°37' 19"E top 15 em. Fluorescent banding good. 

Sample Date Location Coral Core Comments 
Number Drilled Species Length 
(em) 
FM19A 14/6/98 Muschu Is - Rebiew Bay Porites 107 Light grey/brown stain top 20 em. Average fluorescent 
03°25'30"S S 143°37'20"E banding. 4 em patch of calcite in middle of core. Core ends in 
a brown stain. 
FM09B 11/6/98 Muschu Is - Rebiew Bay Porites 93 Orange/brown stain and calcite top 5 em. Occasional stained 
03°25'30"S S 143°37'20"E band through rest of core. Average fluorescent banding. 
FM18A 14/6/98 Muschu Is - Rebiew Bay Porites 84 Brown/orange stain top 20 em. calcite last 7 em. Average 
03°25'30"S S 143°37'20"E fluorescent banding. 
FM20B 15/6/98 Muschu Is - Rebiew Bay Porites 70 Top 5 em stained. Poor fluorescent banding. Core ends in 
03°25'30"S S 143°37'20"E calcite. 
FMllA 12/6/98 Muschu Is - Rebiew Bay Porites 67 Off axis last 5 em. Stained brown last 30 em. top 5 em stained 
03°25'23"S S 143°37'25"E orange/brown and has borer holes. Average fluorescent 
banding. 
FM06D 31/5/98 Muschu Is - Rebiew Bay Porites 55 Average fluorescent banding. Borer holes and calcite top 10 
03°25'23"S S 143°37'25"E em. 
FM05A 3115/98 Muschu Is - Rebiew Bay Porites 53 Orange/brown stain the full length of core. Staining obscures 
03°25'23"S S 143°37'25"E fluorescent banding. 
FM14A 12/6/98 Muschu Is - Rebiew Bay Porites 53 Stained grey at top progressing to pale orange then cream 
03°25'23"S S 143°37'25"E through the length of the core. Average fluorescent banding. 
FM20A 15/6/98 Muschu Is - Rebiew Bay Porites 53 light brown/orange stain top 10 em. Faint florescent banding. 
03°25'30"S S 143°37'20"E 
FMlOA 12/6/98 Muschu Is - Rebiew Bay Porites 51 Light brown/grey stain and one calcite band top 20 em. 
03°25'30"S S 143°37'20"E Selected bands stained throughout core. Poor fluorescent 
banding. 
FM14C 13/6/98 Muschu Is - Rebiew Bay Porites 49 Stained grey at top progressing to pale orange then cream 
03°25'23"S S 143°37'25"E through the length of the core. Average fluorescent banding. 

Sample Date Location Coral Core Comments 
Number Drilled Species Length 
(em) 
FM06B 31/5/98 Muschu Is - Rebiew Bay Porites 48 Off axis last 10 em. Average fluorescent banding. Light brown 
03°25'23"S S 143°37'25"E stain and borer holes top 10 em 
FM09A 1116/98 Muschu Is- Rebiew Bay Porites 45 Poor alignment and then off axis last 10 em. Fluorescent 
03°25'30"S S 143°37'20"E banding obscured by staining. Light orange stain in the 
middle. 
FM03B 15/6/98 Muschu Is - Rebiew Bay Porites 41 Brown stain and calcite top 10 em. Borer holes throughout. 
03°25'23"S S 143°37'25"E Poor fluorescent banding. 
FM02A 30/5/98 Muschu Is - Rebiew Bay Porites 30 Off axis and stained orange last 5 em . Poor fluorescent 
03°25'23"S S 143°37'25"E banding. Good for dating? 
FM14B 13/6/98 Muschu Is - Rebiew Bay Porites 30 Brown/orange stain at top of core progressing to orange 
03°25'23"S S 143°37'25"E towards the base. Poor fluorescent banding. Borer holes top 5 
em. 
FM14D 13/6/98 Muschu Is - Rebiew Bay Porites 27 Off axis throughout. Poor fluorescent banding. Orange/brown 
03°25'23"S S 143°37'25"E stain throughout. Borer holes top 5 em. 
FM06C 31/5/98 Muschu Is - Rebiew Bay Porites 26 Off axis for most of core. Average fluorescent banding. 
03°25'23"S S 143°37'25"E Staining and borer holes top 10 em. 
FM01A 30/5/98 Muschu Is - Rebiew Bay Porites 26 Off axis for most of core. Average fluorescent banding. Light 
03°25'30"S S 143°37'20"E brown stain and borer holes top 15 em. 
FM06A 31/5/98 Muschu Is - Rebiew Bay Porites 25 Average fluorescent banding. Equipment problems 
03°25'23"S S 143°37'25"E encountered when drilling this so core is short. 
FM03A 30/5/98 Muschu Is - Rebiew Bay Porites 25 Off axis for most of core. Poor fluorescent banding. Borer 
03°25'23"S S 143°37'25"E holes top 5 em. Calcite throughout. 
FM13A 13/6/98 Muschu Is - Rebiew Bay Porites 20 Grey/brown stain throughout. Poor fluorescent banding. 
03°25'23"S S 143°37'25"E 

Sample Date Location Coral Core Comments 
Number Drilled Species Length 
(em) 
Muschu Island - Morock Bay 
FM12A 12/6/98 Muschu Is - Morock Bay Diploastrea 108 No fluorescent banding. 
03°24'23"S 143°36'30"E heliopora 
FM15B 13/6/98 Muschu Is - Morock Bay Porites 106 Off axis last 15 em. Borer holes top 15 em- can use FM15A 
03°24'23"S 143°36'30"E instead. Average fluorescent banding. 
FM15A 13/6/98 Muschu Is- Morock Bay Porites 51 Can correlate with FM15B. Average fluorescent banding. 
03°24'23"S 143°36'30"E 
FM22A 15/6/98 Muschu Is - Morock Bay Porites 46 Off axis last 20 em. Average fluorescent banding. 
03°24'23"S 143°36'30"E 
FM17A 13/6/98 Muschu Is - Morock Bay Porites 42 Off axis full length of core. Poor fluorescent banding. Light 
03°24'23"S 143°36'30"E grey stain and borer holes top 10 em. 
FM23A 15/6/98 Muschu Is - Morock Bay Porites 40 Off axis throughout. Borer holes last 20 em. Poor fluorescent 
03°24'23"S 143°36'30"E banding. 
FM21A 15/6/98 Muschu Is - Morock Bay Porites 37 Average fluorescent banding. Pity core is not longer. 
03°24'23"S 143°36'30"E 
FM24B 15/6/98 Muschu Is - Morock Bay Porites 34 Off axis throughout. Poor fluorescent banding. Borer holes 
03°24'23"S 143°36'30"E top 10 em. 
FM16A 13/6/98 Muschu Is - Morock Bay Porites 32 Off axis and borer holes throughout. Poor fluorescent 
03°24'23"S 143°36'30"E banding and some calcite towards the base. 
FM12B 15/6/98 Muschu Is - Morock Bay Diploastrea 26 No fluorescent banding. 
03°24'23"S 143°36'30"E heliopora 
FM24A 15/6/98 Muschu Is - Morock Bay Porites 25 Off axis throughout .Poor fluorescent banding. 
03°24'23"S 143°36'30"E 

Sample Date Location Coral Core Comments 
Number Drilled Species Length 
(em) 
FM08A 1116/98 Muschu Is - Morock Bay Porites 23 Average fluorescent banding. Calcite at base. 
03°24'23"S 143°36'30"E 
FM07A 11/6/98 Muschu Is - Morock Bay Porites 21 Off axis throughout. Average fluorescent banding. 
03°24'23"S 143°36'30"E 

Table 3: Details of water samples collected around Blup Blup, Koil, Muschu and Ninigo Islands, and Angoram, May-June 1998. 
Sample No. Date Location Sample collected to Comments 
measure 
BB02A-deep 28/5/98 Blup Blup Is - SW point Salinity and isotopes Collected next to coral BB02 
03°30'344"S 144°35'043"E 
BB02A -surface 28/5/98 Blup Blup Is - SW point Salinity and isotopes Collected from surface water above coral BB02 
03°30'344"S 144°35'043"E 
BB02A-deep #2 28/5/98 Blup Blup Is - SW point Salinity and isotopes Bottle from BB02A-deep not sealed properly so 2nd 
03°30'344"S 144°35'043"E sample collected. 
BB02A-surface 28/5/98 Blup Blup Is - SW point Salinity and isotopes Bottle from BB02A-surface not sealed properly so 2nd 
#2 03°30'344"S 144°35'043"E sample collected. 
BB03A-deep 28/5/98 Blup Blup Is - Bagit Bay Salinity and isotopes Collected next to coral BB03 
03°31'071"S 144°36'784"E 
BB03A -surface 28/5/98 Blup Blup Is - Bagit Bay Salinity and isotopes Collected from surface water above coral BB03 
03°31'071"S 144°36'784"E 
MS01A-deep 30/5/98 Muschu Is - Auong Bay 
03°24'794"S 143°38' 175"E 
Salinity and isotopes Collected next to coral MS01 
MSO 1A -surface 30/5/98 Muschu Is - Auong Bay Salinity and isotopes Collected from surface water above coral BB02 
03°24'794"S 143°38' 175"E 
MS02A-deep 30/5/98 Muschu Is- Auong Bay 
03°24'723"S 143°37'905"E 
Salinity and isotopes Collected next to coral MS02 
MS02A-surface 30/5/98 Muschu Is - Auong Bay Salinity and isotopes Collected from surface water above coral BB02 
03°24'723"S 143°37'905"E 

Sample No. Date Location Sample collected to Comments 
measure 
MS03A-deep 31/5/98 Muschu Is - Rebiew Bay Salinity and isotopes Collected next to coral MS03 
03°25'773"S 143°37' 180"E 
MS03A -surface 31/5/98 Muschu Is - Rebiew Bay Salinity and isotopes Collected from surface water above coral BB02 
03°25'773"S 143°37' 180"E 
KL01A-deep 116/98 Koil Is - SW of island Salinity and isotopes Collected next to coral KLO 1 
03°21 '484"S 144°11 '069"E 
Ninigo-ocean 4/6/98 Ninigo Is- 01 °15'S 144°15'E Salinity and isotopes Collected from surface ocean water outside the Ninigo 
Island lagoon. 
Ninigo-lagoon 4/6/98 Ninigo Is- 01°15'S 144°15'E Salinity and isotopes Collected from surface ocean water inside the Ninigo 
Island lagoon. 
Ninigo-rainwater 5/6/98 Ninigo Is- 01 °15'S 144°15'E Salinity and isotopes 
Langa 1 10/6/98 Angoram, East Sepik Province, Isotopes Sample collected from the centre of the Sepik river 
04°04'S 144°04'E though slightly closer to the Langa side (sth side). 
Langa 2 10/6/98 Angoram, East Sepik Province, Isotopes As above 
04°04'S 144°04'E 
Angoram 1 10/6/98 Angoram, East Sepik Province, Isotopes Sample collected from the centre of the Sepik river 
04°04'S 144°04'E though slightly closer to the Angoram side (nth side). 
Angoram 2 10/6/98 Angoram, East Sepik Province, Isotopes As above 
04°04'S 144°04'E 

APPENDIX 2: FOSSIL AND MODERN CORAL X-
RAYS 
The following X-ray positives were used to define growth axes for sampling. 
Coral X-rays were taken at the National Capital Diagnostic Imaging Clinic, Woden, 
Australian Capital Territory, using standard X-radiographic procedures. Yellow traces 
on the X -rays are transects used for the annual samples and are slightly offset from the 
main growth axis (Chapters 3, 5 and 6). Red traces are transects used for high-
resolution sampling, and are on the main growth axis (Chapter 6). Arrows indicate the 
same growth bands in images that overlap. Ages given for the fossil corals are U-Th 
ages (calendar years). The black circle in some images is from a ball-bearing placed in 
a hand-drilled hole. In the modern coral images the grey box indicates the location of 
bulk density samples (see Chapter 3). 
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MS04, modern, 
Cape Saum, Muschu Island 
Top 
Scm 

MS04, modern 
Cape Saum, Muschu Island 
5 em 
~----
MS04, modern 
Cape Saum, Muschu Island 
Bottom 
Scm 

KL03, modern, 
Top Point, Koil Island 
Top 
Scm 

KL03, modern 
Top Point, Koil Island 
5 em 
continued on 
next page 

KL03, modern 
Top Point, Koil Island 
continued from 
preVIOUS page 
5 em 
Bottom 

FM09, Muschu \s\and 
2040 years 
Top 
5 em 

FM09, Muschu Island 
2040 years, cont. 
5 em 
'--
Bottom 

FM07, Muschu Island 
5850 years 
Top 
Bottom 
5 em 

FM21 , Muschu Island 
5880 years 
Top 
5 em 
Bottom 

FM 1 5, Muschu Island 
6090 years 
Top 
5 em 

FM 1 5, Muschu Island 
6090 years cont. 
5 em 
Bottom 

FM23, Muschu Island 
Top 71 00 years 
Bottom 
5 em 

FM24, Muschu Island 
T 
7270 years 
op 
5 em 
Bottom 

FKOS, Koil Island 
7650 years 
Top 
5 em Bottom 

APPENDIX 3: CORAL GEOCHEMICAL DATA 
The modern and fossil coral raw 8180, o13C and Sr/Ca data presented in this 
thesis are tabulated as follows: 
(i) Annual sample modern coral 8180 and o13C data 
(ii) Annual sample modern coral Sr/Ca data 
(iii) Seasonal modern coral 8180 and o13C data 
(iv) Seasonal modern coral Sr/Ca data 
(v) Annual sample fossil coral 8180 and o13C data 
(vi) Annual sample fossil coral Sr/Ca data 
(vii) Seasonal fossil coral 8180 and o13C data 
(viii) Seasonal fossil coral Sr/Ca data 
Fossil corals are ordered from youngest to oldest. Green shading indicates 
duplicate analyses on the Sr/Ca data, and the high-resolution stable isotope data. 
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Modern coral MSOl, Muschu Island, annual sample stable isotope data 
Sample From To o'80 voob Replicates (%o) o13Cvoob Replicates (%o) 
No. (mm) (mm) a b c d a b c d 
Y1 0 9 -5.18 -5 .23 -0.99 -1.14 
Y2 
Y3 
Y4 
Y5 
Y6 
Y7 
Y8 
Y9 
YlO 
Y11 
Y12 
Yl3 
Y14 
Y15 
Y16 
Yl7 
Y18 
Y19 
Y20 
Y21 
Y22 
Y23 
Y24 
Y25 
Y26 
Y27 
Y28 
Y29 
Y30 
Y31 
Y32 
Y33 
Y34 
Y35 
Y36 
Y37 
Y38 
Y39 
Y40 
Y41 
Y42 
Y43 
Y44 
Y45 
Y46 
Y47 
Y48 
Y49 
Y50 
Y51 
Y52 
Y53 
Y54 
Y55 
9 
16 
25 
35 
44 
53 
60 
68 
76 
84 
92 
100 
108 
117 
126 
135 
143 
152 
160 
168 
177 
187 
197 
205 
215 
224 
231 
240 
249 
258 
268 
276 
285 
295 
307 
315 
324 
334 
342 
350 
358 
367 
377 
387 
393 
400 
406 
410 
412 
418 
426 
434 
441 
449 
16 
25 
35 
44 
53 
60 
68 
76 
84 
92 
100 
108 
117 
126 
135 
143 
152 
160 
168 
177 
187 
195 
205 
215 
224 
231 
240 
249 
258 
268 
276 
285 
295 
307 
315 
324 
334 
342 
350 
358 
367 
377 
387 
393 
400 
406 
410 
412 
418 
426 
434 
441 
449 
456 
-5.65 -5.71 
-5.65 -5 .68 
-5.52 -5.49 
-5 .25 -5.39 -5.30 
-5.34 -5 .39 
-5.39 -5.43 
-5.50 -5.52 
-5.60 -5.65 
-5.70 -5 .65 
-5 .33 -5 .36 
-5.47 -5.50 
-5 .68 -5.74 
-5 .71 -5 .58 -5.69 
-5.41 -5.34 
-5.45 -5.36 
-5.61 -5 .61 
-5.56 -5.47 
-5.47 -5.42 
-5.64 -5.63 
-5.56 -5 .54 
-5.37 -5.38 
-5 .54 -5.55 
-5.53 -5.48 
-5.60 -5.55 
-5.23 -5.24 
-5.58 -5.59 
-5.43 -5.51 
-5 .51 -5 .51 
-5.52 -5.47 
-5.47 -5.72 -5 .56 -5.65 
-5.43 -5 .39 
-5.23 -5 .33 
-5.38 -5.44 
-5.41 -5.45 
-5.49 -5.53 
-5 .64 -5 .67 
-5 .58 -5.60 
-5.35 -5.25 
-5.28 -5 .25 
-5 .13 -5 .22 
-5.41 -5.40 
-5.35 -5.45 
-5.30 -5.40 
-5 .39 -5.40 
-5 .28 -5 .18 
-5.05 -5.13 
-4.96 -5.04 
-4.90 -5.45 -4.95 -4.97 
-5.51 -5.36 -5.46 -5.43 
-5.26 -5.40 -5.40 -5.49 
-5 .31 -5 .37 
-5 .31 -5.26 
-5.44 -5.45 
-5.49 -5.40 
-1.36 -1.37 
-1.35 -1.31 
-1.39 -1.35 
-1.01 -1.14 -1.14 
-1.05 -1.19 
-1.11 -1.04 
-1.06 -1.14 
-1.05 -0.97 
-1.49 -1.35 
-0.86 -0.88 
-1.08 -1.05 
-1.25 -1.21 
-0.91 -1.08 -1.05 
-1.22 -1.22 
-0.93 -0.97 
-1.17 -1.03 
-0.89 -0.87 
-1.04 -0.94 
-1.00 -1.02 
-1.06 -1.01 
-1.12 -1.09 
-1.04 -1.13 
-1.19 -0.99 
-1.03 -1.24 
-0.95 -0.84 
-1.18 -1.23 
-1.01 -1.00 
-1.37 -1.26 
-1.11 -0.96 
-1.03 -1.35 -1.12 -1.20 
-1.06 -1.10 
-0.87 -0.93 
-0.95 -0.87 
-1.01 -1.09 
-1.05 -0.88 
-1.37 -1.43 
-1.11 -1.12 
-0.92 -0.75 
-0.70 -0.69 
-0.59 -0.56 
-0.93 -0.94 
-0.90 -1.17 
-0.78 -0.85 
-0.61 -0.74 
-0.34 -0.47 
-0.44 -0.38 
-0.76 -0.98 
-0.23 -0.19 -0.25 -0.22 
-0.54 -0.59 -0.62 -0.62 
-0.29 -0.34 -0.43 -0.34 
-0.42 -0.38 
-0.60 -0.45 
-0.58 -0.59 
-0.44 -0.36 

Sample From To 8 180 •• db Replicates (%o) 813C vndb Replicates (%o) 
No. (mm) (mm) a b c d a b c d 
Y56 456 464 -5.44 -5.33 -5 .38 -0.33 -0.47 -0.27 
Y57 464 471 -5 .35 -5.36 -0.45 -0.40 
Y58 471 477 -5.25 -5.04 -5 .14 -5.12 -0.32 -0.34 -0.21 -0.20 
Y59 477 484 -5.29 -5.17 -5.19 -0.32 -0.36 -0.28 
Y60 484 492 -5.29 -5.30 -0.40 -0.51 
Y61 492 499 -5.40 -5.40 -0.37 -0.39 
Y62 499 507 -5.39 -5.46 -0.58 -0.70 
Y63 507 515 -5.36 -5.29 -0.57 -0.60 
Y64 515 521 -5.45 -5.41 -0.48 -0.44 
Y65 521 528 -5.36 -5.20 -5.18 -5.28 -0.34 -0.36 -0.38 -0.37 
Y66 542 549 -5.28 -5 .31 -0.02 -0.07 
Y67 549 556 -5.38 -5.37 -0.44 -0.34 
Y68 556 564 -5 .21 -5.21 -0.15 -0.10 
Y69 564 570 -5.27 -5.21 -0.38 -0.29 
Y70 570 577 -5.33 -5.30 -0.43 -0.59 
Y71 577 585 -5.60 -5.53 -0.47 -0.44 
Y72 585 593 -5.46 -5.41 -0.62 -0.36 
Y73 593 599 -5.43 -5.41 -0.34 -0.34 
Y74 599 607 -5.17 -5 .24 -0.62 -0.69 
Y75 607 617 -5.25 -5.38 -5.46 -5.41 -0.38 -0.57 -0.67 -0.67 
Y76 617 626 -5.28 -5.20 -0.79 -0.56 
Y77 626 634 -5 .32 -5 .37 -0.47 -0.52 
Y78 634 642 -5.39 -5.35 -0.59 -0.54 
Y79 642 651 -5.41 -5.44 -0.73 -0.73 
Y80 651 660 -5.40 -5.28 -5 .17 -1.02 -0.88 -0.66 
Y81 660 669 -5 .21 -5.11 -0.78 -0.67 
Y82 669 678 -5.37 -5 .22 -5.32 -0.65 -0.42 -0.50 
Y83 699 705 -5.27 -5.22 -0.61 -0.66 
Y84 705 712 -5 .18 -5.24 0.00 -0.10 
Y85 712 718 -4.82 -4.89 -0.05 -0.04 
Y86 718 725 -5.07 -4.99 -0.46 -0.42 
Y87 725 732 -5.17 -5.17 -1.19 -1.35 
Y88 732 737 -5.09 -5.06 -0.87 -0.97 
Y89 737 744 -5.24 -5.12 -5 .09 -0.82 -0.79 -0.85 
Y90 744 750 -5.24 -5.22 -0.39 -0.46 

Modern coral MS04, Muschu Island, annual sample stable isotope data 
Sample 
No. 
From To 
(mm) (mm) 
0 11 
11 19 
19 29 
29 40 
40 48 
48 56 
56 69 
8180voob Replicates (%o) 
a b c 
-5.17 -5.26 
-5.43 -5.45 
-5.69 -5.78 
-5.71 -5.65 
-5.41 -5.37 
-5.56 -5.62 
-5 .39 -5.36 
-5.41 -5.38 
-5.35 -5.24 -5.34 
8 13Cvvdb Replicates (%o) 
d a b c d 
-1.84 -1.92 
-1.84 -2.09 
-1.96 -2.00 
-1.84 -1.75 
-1.61 -1.68 
-1.82 -1.83 
-1.61 -1.47 
-1.78 -1.76 
-1.37 -1.37 -1.36 
Y1 
Y2 
Y3 
Y4 
Y5 
Y6 
Y7 
Y8 
Y9 
Y10 
Y11 
Y12 
Yl3 
Y14 
Y15 
Y16 
Y17 
69 
83 
95 
106 
121 
132 
143 
155 
168 
179 
83 
95 
106 
121 
132 
143 
155 
168 
179 
191 
-5.48 -5.28 -5.53 -5.32 -1.54 -1.78 -1.75 -1.36 
-5.64 -5.47 -5.55 -5 .51 -1.73 -1.72 -1.85 -1.63 
-5.83 -5.53 -5.53 -5 .51 -1.41 -1.38 -1.26 -1.32 
-5.39 -5.24 -5.23 -1.17 -1.24 -1.16 
-5.56 -5.41 -5.34 -1.53 -1.70 -1.54 
-5.74 -5.55 -5.55 -1.43 -1.34 -1.45 
-5 .79 -5.79 -5.71 -1.37 -1.42 -1.51 
-5.57 -5.42 -5.36 -1.24 -1.25 -1.15 
Modern coral KL03, Koil Island, annual sample stable isotope data 
Sample From To 8 180vvdb Replicates (%o) 8 13Cvvdb Replicates (%o) 
No. (mm) (mm) a b c d a b c d 
Y1 0 8 -5.10 -5 .08 -1.27 -1.25 
Y2 8 22 -5 .50 -5.47 -1.60 -1.59 
Y3 22 33 -5.63 -5.71 -1.92 -1.95 
Y4 
Y5 
Y6 
Y7 
Y8 
Y9 
Y10 
Y11 
Y12 
Yl3 
Y14 
Y15 
Y16 
Y17 
Y18 
Y19 
Y20 
33 
42 
54 
71 
93 
108 
119 
138 
149 
166 
180 
196 
209 
225 
242 
257 
270 
42 
54 
71 
93 
108 
119 
138 
149 
166 
180 
196 
209 
225 
242 
257 
270 
277 
-5.58 -5.52 
-5.51 -5.60 
-5.59 -5.58 
-5.25 -5 .31 
-5.23 -5.26 
-5.48 -5.43 
-5.50 -5.51 
-5.55 -5.45 
-5.62 -5.55 
-5.46 -5.61 
-5.17 -5.24 -5.26 
-5.47 -5.42 -5.44 
-5 .54 -5.44 
-5.64 -5.58 
-5.20 -5 .23 
-5.33 -5.39 -5.27 
-5.41 -5.43 
-1.37 -1.30 
-1.97 -1.96 
-2.02 -2.18 
-1.68 -1.72 
-1.87 -2.07 
-2.07 -2.04 
-2.50 -2.47 
-1.25 -1.29 
-1.17 -1.17 
-1.11 -1.20 
-1.06 -1.00 -1.10 
-1.24 -1.26 -1.26 
-1.99 -1.66 
-1.43 -1.48 
-1.17 -1.19 
-1.33 -1.47 -1.28 
-1.17 -1.01 

Modern coral MSOl, Muschu Island, annual sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. enor wt enor atom en-or 
Y1 0 9 0.409804 0.000041 0.9961 1.1259 21.248819 0.000539 0.019286 0.000002 0.008821 0.000001 
Y1 0 9 0.528817 0.000047 0.9937 0.9000 27.431467 0.00082 0.019278 0.000002 0.008818 0.000001 
Y2 9 16 0.505538 0.000043 0.9965 0.9282 26.483682 0.000727 0.019089 0.000002 0.008731 0.000001 
Y3 16 25 0.351370 0.000030 0.9942 1.2768 18.402419 0.000405 0.019094 0.000002 0.008734 0.000001 
Y4 25 35 0.459029 0.000063 0.9945 1.0122 23.988821 0.000978 0.019135 0.000003 0.008752 0.000001 
Y5 35 44 0.435959 0.000041 0.9960 1.0628 22.691809 0.001050 0.019212 0.000002 0.008788 0.000001 
Y6 44 53 0.290521 0.000021 0.9969 1.5142 15.125807 0.000360 0.019207 0.000001 0.008785 0.000001 
Y7 53 60 0.347975 0.000031 0.9924 1.2930 18.138878 0.000464 0.019184 0.000002 0.008775 0.000001 
Y8 60 68 0.837696 0.000084 0.9962 0.6036 43.411507 0.001707 0.019297 0.000002 0.008826 0.000001 
Y9 60 68 0.442245 0.000037 0.9962 1.0493 23.027646 0.00063 0.019205 0.000002 0.008784 0.000001 
Y9 68 76 0.552093 0.000035 0.9955 0.8645 28.724055 0.001012 0.019221 0.000001 0.008792 0.000001 
Y10 76 84 0.469742 0.000042 0.9947 0.9870 24.692009 0.000719 0.019024 0.000002 0.008702 0.000001 
Y11 84 92 0.545448 0.000044 0.9972 0.8748 28.334951 0.000816 0.019250 0.000002 0.008805 0.000001 
Y12 92 100 0.423138 0.000038 0.9979 1.0892 22.068352 0.000558 0.019174 0.000002 0.008770 0.000001 
Y13 100 108 0.489085 0.000038 0.9944 0.9591 25.510775 0.000884 0.019172 0.000002 0.008769 0.000001 
Y14 108 117 0.294451 0.000023 0.9965 1.4893 15.420168 0.000648 0.019095 0.000002 0.008734 0.000001 
Y15 117 126 0.379414 0.000032 0.9945 1.2016 19.725313 0.000623 0.019235 0.000002 0.008798 0.000001 
Y16 126 135 0.415247 0.000075 0.9936 1.1122 21.546587 0.000535 0.019272 0.000004 0.008815 0.000002 
y 17 135 143 0.463948 0.000039 0.9943 1.0004 24.317028 0.001268 0.019079 0.000002 0.008727 0.000001 
Yl7 135 143 0.324606 0.000022 0.9927 1.3710 16.959403 0.00055 0.019140 0.000001 0.008755 0.000001 
Modern coral MS04, Muschu Island, annual sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. error wt error atom en·or 
Y1 0 11 0.445402 0.000037 0.9951 1.0401 23.261233 0.000041 0.019148 0.000002 0.008758 0.000001 
Y2 11 19 0.399811 0.000029 0.9973 1.1372 21.006462 0.000529 0.019033 0.000001 0.008706 0.000001 
Y3 19 29 0.424398 0.000035 0.9944 1.0728 22.453129 0.000864 0.018902 0.000002 0.008646 0.000001 
Y4 29 40 0.399781 0.000036 0.9943 1.1347 21.062199 0.000599 0.018981 0.000002 0.008682 0.000001 
Y5 40 48 0.473361 0.000038 0.9939 0.9863 24.713974 0.000769 0.019154 0.000002 0.008761 0.000001 
Y6 48 56 0.657311 0.000069 0.9981 0.7345 34.612169 0.001556 0.018991 0.000002 0.008686 0.000001 
Y7 56 69 0.480852 0.000047 0.9939 0.9687 25.221882 0.000956 0.019065 0.000002 0.008720 0.000001 
Y8 69 83 0.622954 0.000056 0.9944 0.7717 32.703768 0.001121 0.019048 0.000002 0.008713 0.000001 
Y9 83 95 0.427016 0.000037 0.9947 1.0785 22.315424 0.000639 0.019135 0.000002 0.008753 0.000001 
Y10 95 106 0.493401 0.000041 0.9963 0.9487 25.831307 0.000741 0.019101 0.000002 0.008737 0.000001 
Yll 106 121 0.489292 0.000040 0.9948 0.9517 25.737486 0.000696 0.019011 0.000002 0.008696 0.000001 
Y12 121 132 0.449460 0.000032 0.9980 1.0281 23.574343 0.002073 0.019066 0.000002 0.008721 0.000001 
Y13 132 143 0.516711 0.000038 0.9952 0.9144 26.934655 0.001085 0.019184 0.000002 0.008775 0.000001 
Y13 143 143 0.516734 0.000044 0.9873 0.9150 26.919413 0.000769 0.019196 0.000002 0.008780 0.000001 
Y14 143 155 0.500589 0.000045 0.9970 0.9386 26.146582 0.000748 0.019145 0.000002 0.008757 0.000001 
Y15 155 168 0.501487 0.000041 0.9968 0.9307 26.407265 0.001770 0.018990 0.000002 0.008686 0.000001 
Y16 168 179 0.618846 0.000060 0.9970 0.7731 32.631501 0.001009 0.018965 0.000002 0.008675 0.000001 
Y17 179 191 0.493901 0.000045 0.9934 0.9439 25.984736 0.001336 0.019007 0.000002 0.008694 0.000001 
Modern coral KL03, Koil Island, annual sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr!Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. error wt error atom en·or 
Y1-4 0 42 0.408271 0.000031 0.9968 1.1292 21.179313 0.000798 0.019277 0.000002 0.008817 0.000001 
Y5-8 42 108 0.334730 0.000026 0.9986 1.3425 17.373134 0.00052 0.019267 0.000002 0.008813 0.000001 
Y9-12 108 166 0.365037 0.000030 0.9952 1.2444 18.952545 0.000821 0.019261 0.000002 0.008810 0.000001 
Y13-16 166 225 0.363794 0.000028 0.9953 1.2506 18.846391 0.000631 0.019303 0.000002 0.008829 0.000001 
Y17-20 225 277 0.315321 0.000020 0.9985 1.4290 16.170724 0.000670 0.019499 0.000001 0.008888 0.000001 
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Modern coral MSOl, Muschu Island, seasonal sample stable isotope data 
Sample 
No. 
I 
5 
9 
13 
15 
17 
19 
21 
25 
29 
33 
37 
41 
45 
49 
53 
57 
59 
61 
63 
65 
67 
69 
73 
77 
81 
85 
89 
93 
97 
101 
105 
109 
113 
115 
117 
119 
121 
123 
125 
129 
133 
137 
141 
145 
149 
153 
157 
161 
165 
169 
171 
173 
175 
177 
179 
181 
183 
185 
189 
193 
From 
(mm) 
0.00 
0.60 
1.20 
1.80 
2.10 
2.40 
2.70 
3.00 
3.60 
4.20 
4.80 
5.40 
6.00 
6.60 
7.20 
7.80 
8.40 
8.70 
9.00 
9.30 
9.60 
9.90 
10.20 
10.80 
11.40 
12.00 
12.60 
13.20 
13.80 
14.40 
15.00 
15.60 
16.20 
16.80 
17.10 
17.40 
17.70 
18.00 
18.30 
18.60 
19.20 
19.80 
20.40 
21.00 
21.60 
22.20 
22.80 
23.40 
24.00 
24.60 
25.20 
25.50 
25.80 
26.10 
26.40 
26.70 
27.00 
27.30 
27.60 
28.20 
28.70 
To 
(mm) 
0.15 
0.75 
1.35 
1.95 
2.25 
2.55 
2.85 
3.15 
3.75 
4.35 
4.95 
5.55 
6.15 
6.75 
7.35 
7.95 
8.55 
8.85 
9.15 
9.45 
9.75 
10.05 
10.35 
10.95 
11 .55 
12.15 
12.75 
13.35 
13.95 
14.55 
15.15 
15.75 
16.35 
16.95 
17.25 
17.55 
17.85 
18.15 
18.45 
18.75 
19.35 
19.95 
20.55 
21.15 
21.75 
22.35 
22.95 
23.55 
24.15 
24.75 
25.35 
25.65 
25.95 
26.25 
26 .55 
26.85 
27.15 
27.45 
27 .75 
28.35 
28 .95 
-5.57 
-5.37 
-5 .16 
-5 .06 
-4.98 
-4.92 
-4.91 
-5.04 
-5.15 
-5.39 
-5.05 
-5.18 
-5.41 
-5.41 
-5.52 
-5.46 
-5.24 
-5.09 
-5.02 
-5.01 
-5.11 
-5.05 
-5 .63 
-5.85 
-5 .74 
-5.80 
-5.63 
-5.65 
-5 .55 
-5.51 
-5.41 
-5.73 
-5.80 
-5.49 
-5.27 
-5.30 
-5.29 
-5.34 
-5.38 
-5.47 
-5 .75 
-5.84 
-5.82 
-5.61 
-5.56 
-5.58 
-5.74 
-5.88 
-5 .91 
-5.47 
-5.29 
-5 .20 
-5 .25 
-5.22 
-5.23 
-5.17 
-5.25 
-5.29 
-5.57 
-5.51 
-5.56 
-2.05 
-2.09 
-1.71 
-1.50 
-1.45 
-1.27 
-1.33 
-1.38 
-1.01 
-1.02 
-0.86 
-1.21 
-1.51 
-1.30 
-0.74 
-0.92 
-1.04 
-0.70 
-1.64 
-1.05 
-1.83 
-1.24 
-1.50 
-1.71 
-1.37 
-1 .27 
-1.33 
-1.20 
-1 .29 
-1.59 
-1.05 
-1.48 
-1.39 
-1.41 
-1.29 
-1.28 
-1.35 
-1.24 
-1.47 
-1.44 
-1.49 
-1.63 
-1.50 
-1.16 
-1.14 
-1.10 
-1.45 
-1.76 
-1.95 
-1.60 
-1.50 
-1.44 
-1.32 
-1.32 
-1.26 
-1.27 
-1.51 
-1.73 
-1.90 
-1.50 
-1.49 
Sample 
No. 
197 
201 
205 
209 
211 
225 
229 
233 
235 
237 
239 
241 
245 
247 
249 
253 
255 
259 
263 
267 
271 
275 
279 
283 
287 
291 
293 
295 
297 
299 
301 
303 
305 
307 
311 
315 
319 
323 
327 
331 
335 
339 
343 
345 
347 
349 
351 
353 
355 
357 
359 
363 
367 
371 
375 
379 
383 
387 
391 
395 
399 
From 
(mm) 
29.60 
30.00 
30.60 
31.20 
31.50 
33.60 
34.20 
34.80 
35.10 
35.40 
35.70 
36.00 
36.60 
36.90 
37.20 
37.65 
38.10 
38.70 
39.30 
39.90 
40.50 
41.10 
41.70 
42.30 
42.90 
43.50 
43.80 
44.10 
44.40 
44.70 
45.00 
45.30 
45.60 
45.90 
46.50 
47.10 
47.70 
48.30 
48.90 
49.50 
50.10 
50.70 
51.30 
51.60 
51.90 
52.20 
52.50 
52.90 
53.20 
53.40 
53.70 
54.30 
54.80 
55.40 
56.00 
56.70 
57.30 
57.90 
58.50 
59.10 
59.70 
To 
(mm) 
29.85 
30.15 
30.75 
31.35 
33.45 
33.75 
34.35 
34.95 
35.25 
35.55 
35.85 
36.15 
36.75 
37.05 
37.35 
37.80 
38.25 
38.85 
39.45 
40.05 
40.65 
41.25 
41.85 
42.45 
43 .05 
43.65 
43.95 
44.25 
44.55 
44.85 
45.15 
45.45 
45.75 
46.05 
46.65 
47.25 
47.85 
48.45 
49.05 
49.65 
50.25 
50.85 
51.45 
51.75 
52.05 
52.35 
52.75 
53.05 
53.35 
53.55 
53.85 
54.45 
54.95 
55.55 
56.15 
56.85 
57.45 
58.05 
58.65 
59.25 
59.85 
-5.49 
-5.45 
-5 .36 
-5.46 
-5.70 
-5.80 
-5.60 
-5.44 
-5.40 
-5.20 
-5.25 
-5.19 
-5.15 
-5.40 
-5.41 
-5.47 
-5.54 
-5.61 
-5.30 
-5.47 
-5.58 
-5.49 
-5.51 
-5.49 
-5.44 
-5 .37 
-5.29 
-5.01 
-4.84 
-4.95 
-4.75 
-4.88 
-5.22 
-5.35 
-5.47 
-5.58 
-5.56 
-5.45 
-5.34 
-5 .39 
-5.43 
-5.28 
-5 .35 
-5.10 
-4.94 
-4.90 
-4.80 
-4.93 
-4.91 
-5.24 
-5.22 
-5.37 
-5.42 
-5.38 
-5.41 
-5.45 
-5.50 
-5.64 
-5.41 
-5.60 
-5 .02 
8"Cv.,Ub 
(%o) 
-1.06 
-1.14 
-1.40 
-1.44 
-1.72 
-1.74 
-1.74 
-1.19 
-1.25 
-0.89 
-0.91 
-0.94 
-0.76 
-1.04 
-1.1 9 
-1.1 9 
-1.19 
-l.l8 
-1.32 
-1.38 
-1.30 
-1.27 
-1.41 
-1.53 
-1.60 
-1.24 
-1.15 
-0.95 
-0.82 
-0.97 
-0.63 
-0.59 
-0.94 
-1.11 
-1.22 
-1.22 
-1.33 
-1.37 
-0.99 
-1.39 
-1.39 
-1.28 
-1.09 
-0.86 
-0.76 
-0.82 
-0.72 
-0.59 
-0.83 
-0.81 
-1.01 
-1.27 
-1.17 
-0.85 
-1.14 
-1.24 
-1.24 
-1.31 
-1.05 
-1.04 
-0.80 

Modern coral MSOl, Muschu Island, seasonal sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. error wt error atom error 
13 1.80 1.95 0.430893 0.000032 0.9943 1.0837 22.195149 0.000637 0.019414 0.000002 0.008880 0.000001 
21 3.00 3.15 0.369549 0.000037 0.9952 1.2355 19.110141 0.000503 0.019338 0.000002 0.008845 0.000001 
29 4.20 4.35 0.402842 0.000015 0.9950 1.1450 20.843972 0.000576 0.019327 0.000001 0.008840 0.000000 
37 5.40 5.55 0.438794 0.000033 0.9948 1.0622 22.708265 0.000722 0.019323 0.000002 0.008838 0.000001 
45 6.60 6.75 0.397319 0.000030 0.9944 1.1488 20.766381 0.00053 0.019133 0.000002 0.008751 0.000001 
53 7.80 7.95 0.501733 0.000049 0.9937 0.9377 26.176109 0.000798 0.019168 0.000002 0.008767 0.000001 
57 8.40 8.55 0.667443 0.00006 0.993 0.7382 34.413609 0.000923 0.019395 0.000002 0.008871 0.000001 
61 9.00 9.15 0.411671 0.000036 0.9963 1.1363 21.025268 0.000669 0.019580 0.000002 0.008956 0.000001 
69 10.20 10.35 0.430867 0.000038 0.9950 1.0754 22.393221 0.000707 0.019241 0.000002 0.008801 0.000001 
77 11.40 11.55 0.396703 0.000033 0.9981 1.1511 20.719926 0.000551 0.019146 0.000002 0.008757 0.000001 
85 12.60 12.75 0.452846 0.000034 0.9942 1.0242 23.671088 0.000772 0.019131 0.000002 0.008750 0.000001 
93 13.80 13.95 0.381966 0.000032 0.9950 1.1882 19.980026 0.000553 0.019117 0.000002 0.008744 0.000001 
101 15.00 15.15 0.394909 0.000028 0.9946 1.1458 20.829118 0.0006 0.018959 0.000001 0.008672 0.000001 
109 16.20 16.35 0.401756 0.000031 0.9958 1.1376 20.999367 0.000584 0.019132 0.000002 0.008751 0.000001 
117 17.40 17.55 0.393167 0.000026 0.9953 1.1694 20.350407 0.000636 0.019320 0.000001 0.008837 0.000001 
125 18.60 18.75 0.438953 0.000036 0.9944 1.0543 22.902675 0.000614 0.019166 0.000002 0.008767 0.000001 
133 19.80 19.95 0.417481 0.000036 0.9950 1.0918 22.006293 0.000691 0.018971 0.000002 0.008677 0.000001 
141 21.00 21.15 0.433171 0.000038 0.9935 1.0625 22.700683 0.000523 0.019082 0.000002 0.008728 0.000001 
149 22.20 22.35 0.414373 0.000027 0.9941 1.1050 21.708425 0.000588 0.019088 0.000001 0.008731 0.000001 
157 23.40 23.55 0.429762 0.000033 0.9943 1.0626 22.698594 0.000533 0.018933 0.000002 0.008660 0.000001 
165 24.60 24.75 0.399730 0.000038 0.9972 1.1446 20.854546 0.000827 0.019168 0.000002 0.008767 0.000001 
173 25.80 25.95 0.414948 0.000026 0.9953 1.1122 21.548097 0.000529 0.019257 0.000001 0.008808 0.000001 
181 27.00 27.15 0.443187 0.000038 0.9958 1.0503 23.001244 0.000719 0.019268 0.000002 0.008813 0.000001 
189 28.20 28.35 0.496771 0.000048 0.9952 0.9429 26.011559 0.000766 0.019098 0.000002 0.008736 0.000001 
197 29.60 29.85 0.429395 0.000038 0.9967 1.0752 22.397131 0.000598 0.019172 0.000002 0.008769 0.000001 
205 30.60 30.75 0.467905 0.000040 0.9973 0.9973 24.402256 0.000742 0.019175 0.000002 0.008771 0.000001 
209 31.20 31.35 0.544901 0.000053 0.9963 0.8755 28.311243 0.001372 0.019247 0.000002 0.008804 0.000001 
209 31.20 31.35 0.545030 0.000047 0.9854 0.8758 28.297908 0.000790 0.019260 0.000002 0.008810 0.000001 
211 31.50 33.45 0.580416 0.000046 0.9947 0.8194 30.535436 0.001039 0.019008 0.000002 0.008694 0.000001 
225 33.60 33.75 0.490633 0.000037 0.9956 0.9471 25.881832 0.000774 0.018957 0.000002 0.008671 0.000001 
233 34.80 34.95 0.532801 0.000043 0.9986 0.8856 27.940509 0.000840 0.019069 0.000002 0.008722 0.000001 
241 36.00 36.15 0.531621 0.000045 0.9954 0.8999 27.434313 0.000813 0.019378 0.000002 0.008864 0.000001 
249 37.20 37.35 0.656818 0.000052 0.9931 0.7403 34.297892 0.000957 0.019150 0.000002 0.008759 0.000001 
255 38.10 38.25 0.615138 0.000052 0.9977 0.7821 32.20733 0.000902 0.019099 0.000002 0.008736 0.000001 
263 39.30 39.45 0.82446 0.00008 0.9941 0.6088 42.973123 0.001427 0.019185 0.000002 0.008776 0.000001 
271 40.50 40.65 1.106124 0.000104 0.9942 0.473 57.819923 0.002169 0.019130 0.000002 0.008750 0.000001 
279 41.70 41.85 0.712426 0.000035 0.9831 0.6897 37.201446 0.001114 0.019150 0.000001 0.008760 0.000001 
287 42.90 43.05 0.54542 0.000044 0.9932 0.8708 28.480938 0.000795 0.019150 0.000002 0.008759 0.000001 
295 44.10 44.25 0.465889 0.000039 0.9964 1.0164 23.880837 0.000677 0.019509 0.000002 0.008923 0.000001 
303 45.30 45.45 0.494551 0.000032 0.9951 0.9591 25.510185 0.000724 0.019386 0.000001 0.008867 0.000001 
311 46.50 46.65 0.771608 0.000074 0.9928 0.6418 40.425979 0.001473 0.019087 0.000002 0.008730 0.000001 
319 47.70 47.85 0.830384 0.000088 0.9945 0.6039 43.379944 0.001180 0.019142 0.000002 0.008756 0.000001 
323 48.30 48.45 0.770592 0.000062 0.9945 0.6486 39.937761 0.001159 0.019295 0.000002 0.008826 0.000001 
331 49.50 49.65 0.502003 0.000052 0.9938 0.9378 26.170853 0.000710 0.019182 0.000002 0.008774 0.000001 
335 50.10 50.25 0.626325 0.000058 0.9948 0.7784 32.378812 0.000903 0.019344 0.000002 0.008848 0.000001 
339 50.70 50.85 0.543209 0.000050 0.9966 0.8796 28.161343 0.001603 0.019289 0.000002 0.008823 0.000001 
347 51.90 52.05 0.65344 0.000072 0.9958 0.7559 33.486667 0.001224 0.019513 0.000002 0.008926 0.000001 
363 54.30 54.45 0.585898 0.000062 0.9984 0.8178 30.601712 0.00119 0.019146 0.000002 0.008757 0.000001 
371 55.40 55.55 0.631334 0.000052 0.9949 0.7704 32.765238 0.001146 0.019268 0.000002 0.008813 0.000001 
379 56.70 56.85 0.625339 0.000058 0.9951 0.7743 32.57493 0.001254 0.019197 0.000002 0.008781 0.000001 
387 57.90 58.05 0.656384 0.000062 0.9943 0.7373 34.453704 0.00152 0.019051 0.000002 0.008714 0.000001 
395 59.10 59.25 0.543793 0.000042 0.9960 0.8779 28.224351 0.001205 0.019267 0.000002 0.008813 0.000001 

Fossil coral FM09, 2.04 ka, Muschu Island, annual sample stable isotope data 
Sample 
No. 
Y1 
Y2 
Y3 
Y4 
Y5 
Y6 
Y7 
Y8 
Y9 
Y10 
Y11 
Y12 
Y13 
Y14 
Y15 
Y16 
Y17 
Y18 
Y19 
Y20 
Y21 
Y22 
Y23 
Y24 
Y25 
Y26 
Y27 
Y28 
Y29 
Y30 
Y31 
Y32 
Y33 
From To 
(mm) (mm) 
0 9 
9 21 
21 31 
31 38 
38 45 
45 49 
49 54 
54 
59 
65 
70 
76 
83 
90 
98 
103 
110 
116 
124 
129 
136 
140 
146 
150 
158 
163 
168 
172 
180 
184 
191 
197 
204 
59 
65 
70 
76 
83 
90 
98 
103 
110 
116 
124 
129 
136 
140 
146 
150 
158 
163 
168 
172 
180 
184 
191 
197 
204 
207 
0 180vndb Replicates (%o) 
a b c d 
-5.26 -5.37 -5.23 
-5.28 -5.28 
-5.36 -5.34 
-5.38 -5.52 -5.28 -5.45 
-5.47 -5.44 
-5.28 -5.36 
-5.33 -5.36 
-5.30 -5.38 
-5.52 -5.44 
-5.14 -5.15 
-5.65 -5.62 
-5.35 -5.30 
-5.51 -5.31 -5.24 -5.42 
-5.38 -5.25 -5.26 
-5.29 -5.21 
-5.36 -5.30 
-5.61 -5.53 
-5.19 -5.03 -5.06 -5.04 
-5.41 -5.29 -5 .11 -5 .29 
-5.08 -5.07 
-5.13 -5.20 
-5.03 -5.03 
-5.25 -5.24 
-5.19 -5.19 
-5 .21 -5.50 -5.20 
-5.14 -5.47 -5 .09 
-5.12 -4.93 -5.07 
-5.33 -5.10 -5.13 -5.35 
-5.30 -5.09 -5.12 -5.27 
-5.09 -4.75 -5.09 
-5.30 -5.16 -5.28 
-5.41 -5.27 -5.40 
-5.31 -5.55 -5 .50 
0 13Cvpdb Replicates (%o) 
a b c d 
0.378 0.33 0.37 
0.364 0.27 
0.306 0.27 
0.258 0.26 0.11 0.12 
0.136 0.06 
-0.118 -0.03 
0.372 0.30 
0.242 0.10 
-0.204 -0.17 
0.204 0.14 
-0.138 -0.14 
-0.041 -0.07 
-0.184 -0.06 -0.07 -0.10 
-0.372 -0.19 -0.33 
-0.296 -0.29 
-0.341 -0.29 
-0.473 -0.37 
-0.496 -0.37 -0.73 -0.46 
-0.260 -0.27 -0.16 -0.12 
0.062 0.23 
0.334 0.24 
0.157 0.16 
0.086 0.33 
0.257 0.14 
0.195 -0.36 0.18 
0.093 -0.46 0.24 
0.490 -2.25 0.49 
0.173 -1.25 0.16 0.18 
0.217 -1.16 0.24 0.25 
0.166 -0.74 0.16 
0.336 -0.78 0.34 
-0.293 0.33 -0.31 
-0.472 -0.49 -0.46 
Fossil coral FM22, 5.35 ka, Muschu Island, annual sample stable isotope data 
Sample 
No. 
Y1 
Y2 
Y3 
Y4 
Y5 
Y6 
Y7 
Y8 
Y9 
Y10 
Y11 
Y12 
Y13 
Y14 
Y15 
Y16 
From To 
(mm) (mm) 
0 16 
16 34 
34 53 
53 
69 
88 
103 
121 
141 
193 
213 
233 
248 
266 
284 
333 
69 
88 
103 
121 
141 
167 
213 
233 
248 
266 
284 
300 
348 
0 180vndb Replicates (%o) 0 13Cvndb Replicates (%o) 
a b c d a b c d 
-5.74 -5 .74 -1.62 -1.54 
-5.69 -5.55 -5.42 -5.49 -1.25 -1.24 -1.24 -1.33 
-5 .53 -5.56 -1.22 -0.98 
-5 .73 -5.64 -1.23 -1.22 
-5.64 -5.75 -5 .67 -1.32 -1.33 -1.36 
-5.70 -5 .74 -1.18 -1.24 
-5.58 -5 .61 -1.41 -1.43 
-5.49 -5.56 -1.25 -1.39 
-5.68 -5.51 -5.57 -5 .57 -1.42 -1.28 -1.36 -1.28 
-5.62 -5.55 -1.71 -1.65 
-5.54 -5.57 -1.43 -1.43 
-5.71 -5.57 -5.68 -1.37 -1.33 -1.41 
-5.67 -5.66 -1.46 -1.52 
-5.82 -5.79 -1.37 -1.20 
-5.52 -5.51 -1.22 -1.25 
-5 .54 -5.51 -1.39 -1.38 

Fossil coral FM22, 5.35 ka, Muschu Island, annual sample stable isotope data 
continued 
Sample 
No. 
Y17 
Y18 
Y19 
Y20 
Y21 
Y22 
Y23 
Y24 
Y25 
From 
(mm) 
348 
364 
380 
397 
415 
431 
447 
499 
519 
To 
(mm) 
364 
380 
397 
415 
431 
447 
455 
519 
535 
8180 v""" Replicates (%o) 
a b c 
-5 .55 -5.51 
-5.58 -5.57 
-5.57 -5.49 
-5 .54 -5.41 -5.45 
-5 .60 -5.59 
-5.41 -5.33 
-5.56 -5.55 
-5.67 -5.69 
-5.38 -5.40 
813Cv""" Replicates (%o) 
d a b c 
-1.43 -1.60 
-1.30 -1.42 
-1.39 -1.54 
-1.37 -1.53 -1.46 
-2.26 -2.30 
-2.19 -2.25 
-1.53 -1.61 
-1.38 -1.65 
-1.33 -1.20 
Fossil coral FM21, 5.85 ka Muschu Island, annual sample stable isotope data 
Sample From To 8180vP<lb Replicates (%o) 8 13Cvnub Replicates (%o) 
d 
No. (mm) (mm) a b c d a b c d 
Y1 0 11 -4.89 -5.25 -4.83 -2.15 0.12 -2.26 
Y2 11 23 -5.15 -5.32 -4.87 -5.12 -1.22 0.20 -1.33 -1.33 
Y3 23 37 -5 .19 -5.25 -1.23 0.33 
Y4 
Y5 
Y6 
Y7 
Y8 
Y9 
Y10 
Y11 
Y12 
Y13 
Yl4 
Y15 
Y16 
Y17 
Y18 
Y19 
Y20 
Y21 
Y22 
Y23 
Y24 
37 
49 
60 
74 
95 
111 
126 
145 
159 
175 
189 
201 
214 
226 
242 
256 
271 
288 
301 
319 
332 
49 
60 
74 
95 
111 
126 
145 
159 
175 
189 
201 
214 
226 
242 
256 
271 
288 
301 
319 
332 
346 
-4.78 -5.30 -4.68 
-5.05 -5.07 
-5 .17 -5.23 
-5 .10 -5.15 
-4.99 -5.18 -4.97 
-5.16 -5.15 
-5.03 -5.09 
-5.14 -5.14 
-4.96 -5.05 
-5.04 -4.98 
-4.93 -4.94 
-5.04 -5.04 
-5.04 -5.19 -5.27 
-5.13 -5.15 
-5 .02 -4.93 
-5.01 -5.10 
-5.07 -5.07 
-5.08 -5.08 
-4.79 -4.81 
-4.89 -4.94 
-4.91 -5.02 
-4.89 -0.81 
-0.73 
-0.73 
-0.46 
-5.12 -0.37 
-0.72 
-0.68 
-0.90 
-0.52 
-0.54 
-0.75 
-0.84 
-5.10 -0.92 
-1.32 
-1.33 
-1.17 
-0.84 
-0.87 
-0.49 
-0.46 
-0.06 
0.44 
-0.83 
-0.81 
-0.52 
-0.54 
-0.55 
-0.67 
-0.79 
-0.63 
-0.45 
-0.68 
-0.86 
-1.11 
-1.17 
-1.07 
-1.17 
-0.86 
-0.86 
-0.54 
-0.46 
-0.12 
-0.71 
-0.40 
-1.13 
Fossil coral FM07, 5.88 ka Muschu Island, annual sample stable isotope data 
Sample From To 8180 vP<ib Replicates (%o) 8 13Cvnub Replicates (%o) 
-0.90 
-0.37 
-1.01 
No. (mm) (mm) a b c d a b c d 
Y1 0 11 -5.50 -5.42 -1.098 -1.13 
Y2 11 30 -5.57 -5.48 -1.172 -1.17 
Y3 
Y4 
Y5 
Y6 
Y7 
Y8 
Y9 
30 
50 
72 
96 
100 
119 
138 
50 
72 
96 
111 
130 
149 
161 
-5.53 
-5.43 
-5.50 
-5.66 
-5.49 
-5.49 
-5.37 
-5.43 -1.103 -1.10 
-5.34 -0.989 -1.02 
-5 .49 -1.501 -1.40 
-5.49 -5.65 -1.489 -1.37 -1.46 
-5.42 -1.338 -1.33 
-5.31 -5.39 -1.158 -1.16 -1.09 
-5.31 -1.215 -1.17 
----
Fossil coral FMlS, 6.09 ka Muschu Island, annual sample stable isotope data 
Sample From To 
No. (mm) (mm) 
Y1 0 5 
Y2 5 12 
Y3 
Y4 
Y5 
Y6 
Y7 
Y8 
Y9 
Y10 
Yll 
Y12 
Y13 
Y14 
Y15 
Y16 
Y17 
Y18 
Y19 
Y20 
Y21 
Y22 
Y23 
Y24 
Y25 
Y26 
Y27 
Y28 
Y29 
Y30 
Y31 
Y32 
Y33 
Y34 
Y35 
Y36 
Y37 
Y38 
Y39 
Y40 
Y41 
Y42 
Y43 
Y44 
Y45 
Y46 
Y47 
Y48 
Y49 
Y50 
Y51 
Y52 
Y53 
Y54 
Y55 
12 
24 
29 
39 
50 
60 
72 
83 
91 
101 
113 
123 
134 
142 
150 
164 
177 
184 
200 
217 
237 
249 
259 
271 
281 
291 
301 
313 
325 
338 
351 
363 
375 
386 
398 
409 
421 
430 
442 
451 
471 
543 
551 
559 
570 
589 
599 
610 
621 
631 
639 
649 
658 
24 
29 
39 
50 
60 
72 
83 
91 
101 
113 
123 
134 
142 
150 
164 
177 
184 
200 
217 
237 
249 
259 
271 
281 
291 
301 
313 
325 
338 
351 
363 
375 
386 
398 
409 
421 
430 
442 
451 
471 
488 
551 
559 
570 
589 
599 
610 
621 
631 
639 
649 
658 
667 
o180 vpdb Replicates (%o) 
a b c 
-5.23 -5.19 
-5.20 -5.20 
-5.27 -5.23 
-5.24 -5.33 
-5.00 -5 .17 -5 .02 
-4.93 -5.10 -5 .10 
-4.90 -5.04 -4.91 
-5.10 -5.08 
-4.99 -5.08 
-4.87 -4.79 
-5.03 -5.06 
-4.89 -5.02 -4.91 
-4.88 -5.07 -4.96 
-4.99 -5.08 
-5.22 -5.24 
-5.10 -5.07 
-5.18 -5.27 
-5.19 -5.14 
-5.18 -5.18 
-5.08 -5.08 
-4.98 -5 .09 
-4.86 -4.81 
-4.85 -4.86 
-4.99 -4.95 
-5.12 -5. 11 
-5.08 -5.19 -5.17 
-5 .25 -5 .27 
-5 .00 -5.08 
-5.14 -5.18 
-5.18 -5.18 
-5.03 -5 .10 
-5.05 -5.09 
-5.02 -5 .08 
-5 .14 -5.16 
-5.18 -5 .21 
-5.15 -5.28 -5.17 
-5.06 -5.07 
-5.07 -5.07 
-5.02 -5.10 
-5.01 -5.06 
-5.03 -5.09 
-5.07 -5.06 
-5.26 -5.34 
-4.97 -5 .05 
-5.17 -5.20 
-5.15 -5.21 
-5.04 -5.12 
-4.99 -5.02 
-5.15 -5.16 
-4.91 -4.93 
-4.99 -5 .01 
-4.96 -5.00 
-5.07 -5.12 
-5 .04 -5.02 
-5 .06 -4.93 -4.91 
0 13Cvndb Replicates (%o) 
d a b c 
-0.42 -0.45 
-0.12 -0.08 
-0.51 -0.40 
-0.18 -0.30 
-0.25 -0.35 -0.20 
-0.20 -0.29 -0.27 
-0.17 -0.31 -0.30 
-0.66 -0.62 
-0.53 -0.50 
-0.08 -0.12 
-0.30 -0.26 
-0.52 -0.63 -0.58 
-0.46 -0.47 -0.44 
-0.38 -0.37 
-0.51 -0.56 
-0.99 -1.03 
-1.06 -1.03 
-0.72 -0.67 
-0.34 -0.34 
-0.80 -0.71 
-0.99 -1.10 
-1.13 -1.03 
-1.00 -0.82 
-0.35 -0.26 
-0.43 -0.47 
-0.54 -0.55 -0.50 
-0.59 -0.46 
-0.45 -0.35 
-0.56 -0.56 
-0.61 -0.57 
-0.35 -0.36 
-0.26 -0.24 
-0.42 -0.48 
-0.45 -0.51 
-0.47 -0.49 
-0.37 -0.36 -0.32 
-0.44 -0.39 
-0.45 -0.53 
-0.42 -0.27 
-0.31 -0.31 
-0.40 -0.40 
-0.77 -0.69 
-0.75 -0.90 
-0.33 -0.35 
-0.64 -0.61 
-0.87 -0.76 
-0.73 -0.77 
-0.81 -0.91 
-0.89 -0.89 
-0.29 -0.52 
-0.54 -0.57 
-0.52 -0.48 
-0.25 -0.21 
-0.18 -0.20 
-0.25 -0.21 -0.32 
d 

Fossil coral FMlS, 6.09 ka Muschu Island, annual sample stable isotope data 
continued 
Sample From To 8180 vodb Replicates (%o) 813Cvvdb Replicates (%o) 
No. (mm) (mm) a b c d a b c d 
Y56 667 674 -5.14 -5.02 -5 .01 -0.50 -0.40 -0.39 
Y57 674 683 -5.12 -5.14 -0.51 -0.43 
Y58 683 693 -4.97 -4.94 -0.46 -0.51 
Y59 693 702 -4.98 -4.94 -0.42 -0.55 
Y60 702 712 -4.84 -4.94 -0.53 -0.58 
Y61 712 722 -4.94 -5.05 -0.61 -0.77 
Y62 722 734 -5 .02 -5.02 -0.46 -0.53 
Y63 734 746 -5.12 -5.01 -0.43 -0.28 
Y64 746 756 -5.03 -5.00 -0.39 -0.34 
Y65 756 767 -4.90 -4.83 -0.45 -0.42 
Y66 767 779 -4.90 -4.84 -0.92 -0.92 
Y67 779 795 -5 .11 -5.32 -5.17 -1.45 -1.26 -1.37 
Y68 795 810 -5.19 -4.99 -5 .09 -1.02 -1.19 -1.06 
Y69 810 822 -4.90 -5.04 -5.04 -1.33 -1.19 -1.33 
Y70 822 838 -5.11 -5.20 -1.05 -1.00 
Y71 838 852 -5.06 -5.18 -5.08 -0.69 -0.70 -0.60 
Y72 852 725 -5 .20 -5.18 -0.65 -0.55 
Y73 725 879 -4.94 -5.10 -5 .02 -0.31 -0.54 -0.44 
Y74 879 886 -5.19 -5 .25 -0.16 -0.35 
Y75 886 895 -5.15 -5.20 -0.48 -0.51 
Y76 895 905 -5.12 -5.09 -0.27 -0.44 
Y77 905 913 -5.26 -5.17 -0.41 -0.39 
Y78 913 922 -5.06 -5.08 -0.73 -0.62 
Y79 922 936 -4.93 -5.07 -4.91 -0.39 -0.44 -0.55 
Y80 936 949 -5.14 -5.05 -0.60 -0.62 
Y81 949 959 -4.97 -4.95 -0.36 -0.38 
Y82 959 968 -5 .10 -5.05 -0.44 -0.51 
Y83 968 978 -5 .08 -5 .12 -0.75 -0.80 
Y84 978 990 -5.16 -5.20 -0.49 -0.50 
Y85 990 1003 -5.17 -5.18 -0.65 -0.75 
Y86 1003 1011 -5 .02 -5.02 -0.54 -0.45 
Y87 1011 1024 -5 .14 -5.03 -5 .08 -0.31 -0.27 -0.29 
Y88 1024 1037 -5.12 -5.04 -0.27 -0.39 
Y89 1037 1047 -5 .33 -5 .23 -0.53 -0.54 
Y90 1047 1052 -5.18 -0.59 

Fossil coral FM23, 7.10 ka, Muschu Island, annual sam~le stable isoto~e data 
Sample From To 0180 voub Replicates (%o) 0 13C vaxlb Replicates (%o) 
No. ~mm2 ~mm2 a b c d a b c d 
Y1 0 8 -4.91 -5 .00 -0.71 -0.64 
Y2 8 16 -4.83 -4.97 -4.90 -1.14 -1.14 -1.00 
Y3 16 27 -4.89 -5.02 -4.97 -1.15 -1.03 -0.98 
Y4 27 38 -4.78 -4.86 -1.01 -1.22 
Y5 38 45 -4.90 -5 .10 -4.98 -5 .08 -1.49 -1.43 -1.45 -1.39 
Y6 45 52 -5.00 -5 .09 -0.83 -0.79 
Y7 52 67 -5.01 -4.93 -1.45 -1.17 
Y8 76 87 -4.69 -4.68 -0.94 -1.11 
Y9 87 98 -4.68 -4.93 -4.82 -4.77 -1.17 -1.14 -1.07 -1.02 
Y10 98 114 -5 .08 -5.04 -0.99 -1.15 
Y11 114 127 -5.04 -5.18 -5.05 - 1.11 -1.02 -0.97 
Y12 156 164 -4.85 -4.86 -0.90 -0.99 
Y13 164 173 -4.73 -4 .73 -1.16 -1.09 
Y14 173 185 -4.76 -4 .71 -1.12 -1.08 
Y15 185 199 -4.81 -4.93 -4 .74 -1.29 -1.49 -1.63 
Y16 199 213 -4 .93 -4.99 -0.86 -0.91 
Y17 213 224 -4.75 -4.71 -0.83 -0.61 
Y18 224 239 -4 .63 -4.73 -0.63 -0.77 
Fossil coral FM24, 7.27 ka, Muschu Island, annual sam~le stable isoto~e data 
Sample From To 0180 vnub Replicates (%o) 013C vnuh Replicates (%o) 
No. ~mm2 ~mm2 a b c d a b c d 
Y1 0 10 -5.02 -5.37 -5.09 -5.09 -1.45 -1.47 -1.44 -1.19 
Y2 10 23 -5.09 -5.01 -0 .99 -0.80 
Y3 23 34 -4.97 -5.08 -5.06 -1.54 -1.74 -1.50 
Y4 34 49 -4.96 -5.18 -5.10 -5.11 -1.00 -1.18 -1.18 -1.16 
Y5 49 65 -5 .09 -5.29 -5.18 -5.26 -1.30 -1.26 -1.24 -1.16 
Y6 65 79 -4.95 -5.13 -5 .12 -1.10 -1.26 -1.17 
Y7 79 96 -4.81 -5.00 -4 .88 -1.34 -1.32 -1.55 
Y8 96 107 -5 .01 -5.13 -5.13 -1.31 -1.48 -1.18 
Y9 107 125 -4.91 -5 .02 -1.14 -1.12 
Y10 181 169 -4.96 -5.07 -1.63 -1.59 
Y11 169 182 -4.97 -4.99 -1 .54 -1.58 
Y12 182 199 -4.97 -5.15 -5.01 -1.57 -1.56 -1.44 
Y13 199 219 -4.86 -5.04 -4.95 -1.81 -1.67 -1.65 
Y14 245 259 -4.97 -4.98 - 1.38 -1.31 
Y15 259 271 -4.85 -4.88 -1.16 -1.15 
Y16 271 283 -4.89 -5 .03 -5.04 -1.37 -1.29 -1.34 
Y17 283 294 -4.97 -4 .97 -1.13 -1.27 
Y18 294 311 -5.01 -5.10 - 1.58 -1.63 

Fossil coral FKOS, 7.65 ka, Muschu Island, annual samele stable isotoee data 
Sample From To 0180vpdb Replicates (%o) 0 13Cvpdb Replicates (%o) 
No. {mm} {mm} a b c d a b c d 
Y1 0 10 -0.43 -0.55 -0.46 -4.73 -4.86 -4.79 
Y2 10 30 -0.27 -0.32 -4.78 -4.79 
Y3 30 43 -0.31 -0.28 -0.51 -4.74 -4.57 -4.75 
Y4 43 52 -0.34 -0.42 -4.69 -4.76 
Y5 52 61 -0.50 -0.48 -4.74 -4.79 
Y6 61 71 -0.34 -0.31 -4.65 -4.69 
Y7 71 89 -0.38 -0.53 -0.42 -4.71 -4.87 -4.77 
Y8 89 100 -0.29 -0.06 -4.51 -4.50 
Y9 100 108 0.33 0.25 -4.68 -4.58 
YlO 108 118 0.23 0.24 -4.53 -4.53 
Y11 118 131 O.o7 0.15 -4.44 -4.42 
Y12 131 138 -0.31 -0.33 -4.50 -4.51 
Y13 138 151 -0.24 -0.16 -4.50 -4.53 
Y14 151 174 -0.26 -0.32 -4.70 -4.70 
Y15 174 186 -0.31 -0.26 -4.73 -4.75 
Y16 186 209 -0.57 -0.46 -0.55 -4.92 -5.07 -4.94 
Yl7 209 227 -0.43 -0.39 -4.77 -4.67 
Y18 227 243 -0.15 -0.27 -4.56 -4.62 
Y19 243 322 0.19 0.22 -4.51 -4.50 
Y20 322 343 0.03 0.05 -4.54 -4.60 
Y21 343 362 -0.16 -0.08 -4.56 -4.51 
Y22 362 376 0.03 -0.06 -4.41 -4.44 
Y23 376 393 -0.28 -0.18 -4.63 -4.58 
Y24 393 404 -0.18 -0.29 -4.79 -4.79 
Y25 404 425 -0.28 -0.34 -4.71 -4.72 
Y26 425 439 -0.33 -0.38 -4.58 -4.63 
Y27 439 452 -0.42 -0.49 -4.61 -4.70 
Y28 452 466 -0.39 -0.49 -4.76 -4.83 
Y29 466 481 -0.47 -0.42 -0.59 -0.54 -4.78 -4.66 -4.83 -4.75 
Y30 481 495 -0.68 -0.50 -4.72 -4.82 
Y31 495 511 -0.29 -0.33 -4.60 -4.64 
Y32 511 533 -0.39 -0.34 -4.75 -4.83 
Y33 533 541 -0.48 -0.52 -4.76 -4.77 

Fossil coral FM09, 2.04 ka, Muschu Island, annual sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 
No. (mm) (mm) cone. error min meas . 
Y1-7 0 54 0.390064 0.000030 0.9937 1.1720 
Y8-14 54 98 0.434610 0.000040 0.9932 1.0650 
Y15-21 98 140 0.497866 0.000038 0.9994 0.9474 
Y22-28 140 180 0.503016 0.000044 0.9950 0.9394 
Y29-33 180 207 0.441818 0.000033 0.9937 1.0505 
Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
cone. error wt error atom enor 
20.297220 0.00065 0.019218 0.000002 0.008790 0.000001 
22.643239 0.001138 0.019194 0.000002 0.008779 0.000001 
25.874605 0.000976 0.019241 0.000002 0.008801 0.000001 
26.125427 0.0008 0.019254 0.000002 0.008807 0.000001 
22.995545 0.00082 0.019213 0.000002 0.008788 0.000001 
Fossil coral FM22, 5.35 ka, Muschu Island, annual sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. error wt enor atom eiTor 
Y1 -5 0 88 0.477984 0.000056 0.9974 0.9897 24.620671 0.001424 0.019414 0.000003 0.008880 0.000001 
Y6-10 88 213 0.443668 0.000037 0.9971 1.0547 22.894452 0.00079 0.019379 0.000002 0.008864 0.000001 
Y11-15 213 300 0.418235 0.000025 0.9977 1.1092 21.613533 0.000612 0.019351 0.000001 0.008851 0.000001 
Y16-20 333 415 0.501186 0.000043 0.9921 0.9527 25.710366 0.00082 0.019494 0.000002 0.008916 0.000001 
Y21 -25 415 535 0.369210 0.000014 0.9991 1.2449 18.940496 0.00085 0.019493 0.000001 0.008916 0.000001 
Fossil coral FM21, 5.85 ka Muschu Island, annual sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. error wt error atom eiTOr 
Y1-5 0 60 0.441706 0.000036 0.9936 1.0556 22.870291 0.000796 0.019314 0.000002 0.008834 0.000001 
Y6-10 60 145 0.573104 0.000058 0.9971 0.8329 29.968382 0.000850 0.019124 0.000002 0.008747 0.000001 
Y11-15 145 214 0.446285 0.000031 0.9963 1.0421 23.212012 0.001148 0.019226 0.000002 0.008794 0.000001 
Y16-20 214 288 0.371318 0.000029 0.9937 1.2258 19.281624 0.000502 0.019258 0.000002 0.008809 0.000001 
Y21-24 288 346 0.424076 0.000040 0.9935 1.1021 21.773686 0.000567 0.019477 0.000002 0.008909 0.000001 
Fossil coral FM07, 5.88 ka Muschu Island, annual sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. enor min meas. cone. error wt error atom en·or 
Y1-2 0 30 0.401554 0.000034 0.9950 1.1422 20.906217 0.001100 0.019207 0.000002 0.008786 0.000001 
Y3-4 30 72 0.329327 0.000029 0.9957 1.3583 17.142404 0.0005 0.019211 0.000002 0.008787 0.000001 
Y5-6 72 111 0.597041 0.000044 0.9984 0.8061 31.111070 0.001772 0.019191 0.000002 0.008778 0.000001 
Y7-8 111 149 0.382053 0.000031 0.9962 1.1955 19.843715 0.00064 0.019253 0.000002 0.008806 0.000001 
Y9 149 161 0.401543 0.000031 0.9908 1.1458 20.831289 0.000798 0.019276 0.000002 0.008817 0.000001 
Fossil coral FM15, 6.09 ka Muschu Island, annual sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. error wt error atom enor 
Y1-18 0 177 0.469770 0.000042 0.9934 0.9906 24.589882 0.00091 0.019104 0.000002 0.008738 0.000001 
Y19-36 177 398 0.514136 0.000036 0.9955 0.9149 26.927448 0.001580 0.019093 0.000002 0.008733 0.000001 
Y37-54 398 658 0.583944 0.000050 0.9946 0.8198 30.520399 0.001276 0.019133 0.000002 0.008751 0.000001 
Y55-72 658 860 0.498359 0.000042 0.9984 0.9422 26.035235 0.00076 0.019142 0.000002 0.008755 0.000001 
Y73-89 860 1046 0.535085 0.000044 0.9982 0.8823 28.062835 0.000984 0.019067 0.000002 0.008721 0.000001 
Fossil coral FM23, 7.10 ka Muschu Island, annual sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. error wt error atom en·or 
Y1-4 0 38 0.433870 0.000031 0.9985 1.0731 22.446232 0.000683 0.019329 0.000002 0.008841 0.000001 
Y5-8 38 87 0.457755 0.000034 0.9954 1.0219 23 .730800 0.000713 0.019289 0.000002 0.008823 0.000001 
Y9-12 87 164 0.437353 0.000028 0.9944 1.0661 22.614372 0.000861 0.019340 0.000001 0.008846 0.000001 
Y13-16 164 213 0.444918 0.000039 0.9950 1.0538 22.918055 0.000912 0.019413 0.000002 0.008880 0.000001 
Y17-18 213 239 0.525841 0.000054 0.9935 0.9081 27.155235 0.001076 0.019364 0.000002 0.008857 0.000001 

Fossil coral FM24, 7.27 ka Muschu Island, annual sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm2 (mm2 cone. error min meas. cone. error wt error atom eiTOr 
Y1-4 0 49 0.439747 0.000033 0.9973 1.0565 22.849305 0.000872 0.019246 0.000002 0.008803 0.000001 
Y5-8 49 107 0.436833 0.000030 0.9973 1.0629 22.690531 0.000736 0.019252 0.000001 0.008806 0.000001 
Y9-12 107 199 0.422657 0.000045 0.9932 1.0939 21.960679 0.000548 0.019246 0.000002 0.008803 0.000001 
Y13-16 199 283 0.458314 0.000031 0.9904 1.0152 23.913597 0.000930 0.019165 0.000001 0.008766 0.000001 
Y17-18 283 311 0.366360 0.000031 0.9922 1.2381 19.064482 0.00077 0.019217 0.000002 0.008790 0.000001 
Fossil coral FKOS, 7.65 ka Koil Island, annual sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm2(mm2 cone. error min meas. cone. error wt error atom error 
Y1-7 0 89 0.415584 0.000041 0.9959 1.1313 21.135358 0.000683 0.019663 0.000002 0.008994 0.000001 
Y8-14 89 174 0.419853 0.000030 0.9952 1.1253 21.261188 0.00069 0.019747 0.000002 0.009033 0.000001 
Y8-14 89 174 0.529377 0.000052 0.9944 0.9186 26.799234 0.00084 0.019753 0.000002 0.009035 0.000001 
Y15-21 174 362 0.405965 0.000036 0.9985 1.1493 20.755562 0.001027 0.019559 0.000002 0.008947 0.000001 
Y22-28 362 466 0.398213 0.000041 0.9971 1.1693 20.353951 0.000724 0.019564 0.000002 0.008949 0.000001 
Y29-33 466 541 0.367908 0.000024 0.9959 1.2520 18.821582 0.00082 0.019547 0.000002 0.008941 0.000001 

Fossil coral FM09, 2.04 ka, Muschu Island, seasonal sample stable isotope data 
Note: Distance 0.0 mm is at the base of the high· resolution sam~ ling area. 
Sample From To ()'so ,""" ()"C,""b Sample From To ()'so ,""" ()"C,""b 
No. ~mm) ~mm) ~%o) ~%o) No. ~=2 ~mm) ~%o) ~%o2 
791 41.6 41.8 -4.77 0.37 
795 40.8 41.0 -5.27 -0.44 
799 40.0 40.2 -5.08 0.54 
803 39.2 39.4 -5.13 0.37 
807 38.4 38.6 -5.21 0.46 
811 37.6 37.8 -5.16 0.60 
815 36.8 37.0 -5.03 0.44 
819 36.0 36.2 -5.10 0.61 
823 35.2 35.4 -5.25 0.34 
827 34.4 34.6 -5.61 0.39 
831 33.6 33.8 -5.08 0.47 
835 32.8 33.0 -4.73 0.37 
839 32.0 32.2 -5.29 0.53 
843 31.2 31.4 -4.84 0.34 
847 30.4 30.6 -5 .14 0.03 
851 29.6 29.8 -5 .08 -0.13 
855 28.8 29.0 -5.63 0.04 
859 28.0 28.2 -5.49 0.36 
863 27.2 27.4 -5.40 0.45 
867 26.4 26.6 -5.17 0.06 
871 25.6 25.8 -5 .26 0.24 
875 24.8 25.0 -5 .08 0.24 
879 24.0 24.2 -5 .09 0.31 
883 23.2 23.4 -5.30 0.30 
887 22.4 22.6 -4.76 0.20 
891 21.6 21.8 -5.05 0.06 
895 20.8 21.0 -4.75 0.62 
899 20.0 20.2 -5.03 -0.06 
903 19.2 19.4 -4.84 0.48 
907 18.4 18.6 -5.42 0.09 
911 17.6 17.8 -5 .27 0.07 
915 16.8 17.0 -5 .25 0.22 
919 16.0 16.2 -5 .17 0.17 
923 15.2 15.4 -5.29 0.65 
927 14.4 14.6 -5.21 0.33 
931 13.6 13.8 -5.28 0.57 
935 12.8 13.0 -5.67 0.54 
936 12.6 12.8 -5 .69 0.49 
939 12.0 12.2 -5 .11 0.68 
943 11.2 11.4 -5.45 0.08 
947 10.4 10.6 -5 .26 -0.01 
951 9.6 9.8 -5.37 0.08 
956 8.6 8.8 -5 .16 -0.03 
959 8.0 8.2 -5 .12 -0.14 
960 7.8 8.0 -5.25 -0.23 
963 7.2 7.4 -5.63 -0.14 
964 7.0 7.2 -5.69 -0.04 
967 6.4 6.6 -5.61 -0.20 
969 6.0 6.2 -5.47 -0.12 
971 5.6 5.8 -5.45 -0.27 
973 5.2 5.4 -5 .50 -0.26 
975 4.8 5.0 -5.54 -0.32 
978 4.2 4.4 -5.50 -0.35 
979 4.0 4.2 -5.47 -0.25 
981 3.6 3.8 -5.47 -0.16 
983 3.2 3.4 -5.39 -0.40 
985 2.8 3.0 -5.34 -0.35 
989 2.0 2.2 -5.27 -0.43 
993 1.2 1.4 -5 .35 -0.24 

Fossil coral FM22, 5.35 ka, Muschu Island, seasonal sample stable isotope data 
Note: Distance 0.0 mm is at the base of the high-resoluti=o=n-=csa=m=p=l=in=gc..=a"'-re=a"-. ________ _ 
Sample From To 81'0 ,,.b 813C,,ob Sample From To 8180 ,,.b 813C.-
No. (mm) (mm) (%o) (%o) _..:...N..::.o:..._. _ __,(=m=m) __ (=mm=)'--__,.(o/c=oo'-'-) _ ___,(o/c.:..:.o::...o)_ 
93 124.2 124.8 -5.36 -0.99 199 60.6 61.2 -5.72 -1.37 
95 123.0 123.6 -5.27 -1.19 201 59.4 60.0 -5 .89 -1.82 
97 121.8 122.4 -5.17 -1.60 203 58.2 58.8 -5.85 -1.12 
99 120.6 121.2 -5.05 -1.49 205 57.0 57.6 -5.58 -1.25 
101 
103 
105 
107 
109 
111 
113 
115 
117 
119 
121 
123 
125 
125 
126 
127 
129 
131 
133 
135 
137 
139 
141 
143 
145 
146 
147 
147 
148 
149 
149 
150 
151 
151 
153 
155 
157 
159 
161 
163 
165 
167 
169 
171 
173 
175 
177 
179 
181 
183 
185 
187 
189 
191 
193 
195 
197 
119.4 
118.2 
117.0 
115.8 
114.6 
113.4 
112.2 
111.0 
109.8 
108.6 
107.4 
106.2 
105.0 
105.0 
104.4 
103.8 
102.6 
101.4 
100.2 
99.0 
97.8 
96.6 
95.4 
94.2 
93.0 
92.4 
91.8 
91.8 
91.2 
90.6 
90.6 
90.0 
89.4 
89.4 
88.2 
87.0 
85.8 
84.6 
83.4 
82.2 
81.0 
79.8 
78.6 
77.4 
76.2 
75.0 
73 .8 
72.6 
71.4 
70.2 
69.0 
67.8 
66.6 
65.4 
64.2 
63.0 
61.8 
120.0 -5.27 
118.8 -5.33 
117.6 -5.71 
116.4 -5 .54 
115.2 -5.49 
114.0 -5.27 
112.8 -5.40 
111.6 -5.54 
110.4 -5.54 
109.2 -5.79 
108.0 -5.50 
106.8 -5.22 
105 .6 -5 .60 
105 .6 -5 .28 
105 .0 -4 .96 
104.4 -4.97 
103 .2 -5.13 
102.0 -5.21 
100.8 -5.63 
99.6 -5.58 
98.4 -5.45 
97.2 -5.41 
96.0 -5.31 
94.8 -5 .65 
93.6 -5.68 
93.0 -6.00 
92.4 -6.09 
92.4 -6.22 
91.8 -6.34 
91.2 -6.32 
91.2 -6.27 
90.6 -5.76 
90.0 -5.22 
90.0 -5.23 
88.8 -5.13 
87.6 -5.35 
86.4 -5 .3 1 
85.2 -5.51 
84.0 -5 .82 
82.8 -5.68 
81.6 -5.59 
80.4 -5.63 
79.2 -5 .73 
78.0 -5.66 
76.8 -5.78 
75.6 -5.46 
74.4 -5.44 
73.2 -5 .11 
72.0 -5 .14 
70.8 -5.33 
69.6 -5.58 
68.4 -5 .62 
67.2 -5.53 
66.0 -5.46 
64.8 -5.48 
63.6 -5.40 
62.4 -5.52 
-1.60 
-0.92 
-1.48 
-1.08 
-0.98 
-1.31 
-0.67 
-1.34 
-1.35 
-1.82 
-2.21 
-2.27 
-2.05 
-2.02 
-2.51 
-2.67 
-2.39 
-1.88 
-1.38 
-1.33 
-0.67 
-0.56 
-0.72 
-1.16 
-1.50 
-1.65 
-1.63 
-1.66 
-1.57 
-1.56 
-1.57 
-1.13 
-1.37 
-1.42 
-1.35 
-2.20 
-2.52 
-1.27 
-0.74 
-1.17 
-0.90 
-0.83 
-1.26 
-1.46 
-1.40 
-1.77 
-1.45 
-1.60 
-1.90 
-2.16 
-2.07 
-1.83 
-1.51 
-1.28 
-1.23 
-1.06 
-1.37 
207 
209 
209 
211 
215 
217 
219 
221 
223 
225 
227 
229 
231 
233 
233 
235 
237 
239 
241 
243 
245 
247 
249 
251 
253 
255 
257 
259 
261 
263 
265 
267 
267 
269 
271 
273 
275 
277 
279 
281 
283 
285 
285 
287 
289 
291 
293 
295 
295 
297 
299 
55.8 
54.6 
54.6 
53.4 
51.0 
49.8 
48.6 
47.4 
46.2 
45.0 
43.8 
42.6 
41.4 
40.2 
40.2 
39.0 
37.8 
36.6 
35.4 
34.2 
33.0 
31.8 
30.6 
29.4 
28.2 
27.0 
25.8 
24.6 
23.4 
22.2 
21.0 
19.8 
19.8 
18.6 
17.4 
16.2 
15.0 
13.8 
12.6 
11.4 
10.2 
9.0 
9.0 
7.8 
6.6 
5.4 
4.2 
3.0 
3.0 
1.8 
0.6 
56.4 -5.26 -1.65 
55.2 
55.2 
54.0 
51.6 
50.4 
49.2 
48.0 
46.8 
45.6 
44.4 
43.2 
42.0 
40.8 
40.8 
39.6 
38.4 
37.2 
36.0 
34.8 
33.6 
32.4 
31.2 
30.0 
28.8 
27.6 
26.4 
25.2 
24.0 
22.8 
21.6 
20.4 
20.4 
19.2 
18.0 
16.8 
15.6 
14.4 
13.2 
12.0 
10.8 
9.6 
9.6 
8.4 
7.2 
6.0 
4.8 
3.6 
3.6 
2.4 
1.2 
-5.34 -1.70 
-5.35 -1.69 
-5.23 -1.66 
-5.33 -2.34 
-5.57 -1.34 
-5.60 -1.35 
-5.35 -1.28 
-5.48 -1.13 
-5 .57 -1.30 
-5.58 -1.21 
-5.62 -1.71 
-5.51 -1.16 
-5.72 -2.14 
-5.66 -2.10 
-5 .31 -2.44 
-5.43 -2.54 
-5.86 -3.19 
-5.98 -2.04 
-6.00 -2.44 
-5.79 -2.62 
-5 .61 -1.90 
-5.60 -2.06 
-5.56 -2.05 
-5.41 -2.91 
-5.21 -2.52 
-5.47 -1.94 
-5.42 -2.28 
-5 .23 -1.75 
-5.41 -2.35 
-5 .35 -3.02 
-5 .60 -3.03 
-5.50 -3.10 
-5 .35 -3.01 
-5 .17 -2.20 
-5 .15 -1.18 
-5.32 -1.08 
-5.40 -1.24 
-5.19 -1.50 
-5.38 -2.10 
-5 .41 -1.83 
-5.58 -1.94 
-5 .70 -2.16 
-5.37 -2.31 
-5.06 -2.86 
-5.29 -2.73 
-5.35 -1.65 
-6.05 -1.89 
-5 .91 -1.76 
-5.64 -1.53 
-5.66 -1.24 

Fossil coral FM15, 6.09 ka, Muschu Island, seasonal sample stable isotope data 
Sample 
No. 
89 
91 
93 
95 
97 
99 
101 
103 
105 
107 
109 
110 
11 1 
111 
111 
111 
112 
113 
115 
117 
118 
119 
119 
120 
121 
123 
125 
127 
129 
131 
133 
135 
137 
139 
141 
143 
145 
147 
148 
149 
149 
150 
151 
151 
152 
153 
153 
155 
157 
159 
161 
163 
165 
167 
169 
171 
From 
(mm) 
35.2 
36.0 
36.8 
37.6 
38.4 
39.2 
40.0 
40.8 
41.6 
42.4 
43.2 
43.6 
44.0 
44.0 
44.0 
44.0 
44.4 
44.8 
45.6 
46.4 
46.8 
47.2 
47.2 
47.6 
48.0 
48.8 
49.6 
50.4 
51.2 
52.0 
52.8 
53.6 
54.4 
55.2 
56.0 
56.8 
57.6 
58.4 
58.8 
59.2 
59.2 
59.6 
60.0 
60.0 
60.4 
60.8 
60.8 
61.6 
62.4 
63.2 
64.0 
64.8 
65.6 
66.4 
67.2 
68.0 
To 
(mm) 
35.6 
36.4 
37.2 
38.0 
38.8 
39.6 
40.4 
41.2 
42.0 
42.8 
43 .6 
44.0 
44.4 
44.4 
44.4 
44.4 
44.8 
45.2 
46.0 
46.8 
47.2 
47.6 
47.6 
48.0 
48.4 
49.2 
50.0 
50.8 
51.6 
52.4 
53.2 
54.0 
54.8 
55.6 
56.4 
57.2 
58.0 
58.8 
59.2 
59.6 
59.6 
60.0 
60.4 
60.4 
60.8 
61.2 
61.2 
62.0 
62.8 
63.6 
64.4 
65.2 
66.0 
66.8 
67.6 
68.4 
-5.10 
-4.75 
-4.67 
-4.79 
-4.97 
-4.96 
-4.89 
-4.93 
-4.93 
-5.13 
-5.17 
-5.13 
-5.37 
-5.43 
-5.41 
-5.46 
-5.19 
-4.82 
-4.85 
-4.93 
-4.85 
-4.85 
-4.76 
-4.90 
-4.90 
-4.93 
-5.30 
-5.43 
-5.26 
-5.41 
-5.39 
-5.26 
-5.15 
-4.72 
-4.67 
-4.71 
-4.86 
-4.98 
-5.14 
-5.38 
-5.27 
-5.45 
-5.49 
-5.40 
-5.23 
-5.25 
-5.09 
-5.05 
-5.15 
-5.17 
-5.11 
-5.19 
-4.83 
-4.70 
-4.77 
-4.80 
b13C vodb 
(%o) 
-0.28 
-0.26 
-0.28 
0.02 
0.03 
-0.26 
0.17 
0.29 
-0.29 
-0.30 
-0.59 
-0.36 
-0.57 
-0.55 
-0.65 
-0.75 
-0.28 
-0.18 
-0.43 
-0.53 
-0.70 
-0.48 
-0.55 
-0.40 
-0.26 
-0.72 
-0.56 
-0.38 
-0.26 
-0.41 
-0.46 
-0.69 
-0.24 
-0.19 
-0.32 
-0.73 
-0.83 
-0.91 
-0 .98 
-0.85 
-0.78 
-0.71 
-0.55 
-0.54 
-0.02 
-0.03 
0.06 
-0.10 
-0.17 
-0.06 
-0.38 
-0.50 
-0.84 
-0.42 
-0.71 
-0.76 
Sample 
No. 
173 
175 
177 
179 
181 
183 
185 
187 
189 
191 
191 
192 
193 
193 
195 
197 
199 
201 
203 
205 
207 
209 
211 
211 
212 
213 
213 
214 
215 
217 
219 
221 
223 
225 
227 
229 
231 
233 
235 
237 
239 
241 
243 
245 
247 
248 
249 
251 
253 
255 
257 
259 
261 
261 
263 
265 
From 
(mm) 
68.8 
69.6 
70.4 
71.2 
72.0 
72.8 
73.6 
74.4 
75.2 
76.0 
76.0 
76.4 
76.8 
76.8 
77.6 
78.4 
79.2 
80.0 
80.8 
81.6 
82.4 
83.2 
84.0 
84.0 
84.4 
84.8 
84.8 
85.2 
85.6 
86.4 
87.2 
88.0 
88.8 
89.6 
90.4 
91.2 
92.0 
92.8 
93.6 
94.4 
95.2 
96.0 
96.8 
97.6 
98.4 
98.8 
99.2 
100.0 
100.8 
101.6 
102.4 
103.2 
104.0 
104.0 
104.8 
105.6 
To 
(mm) 
69.2 
70.0 
70.8 
71.6 
72.4 
73 .2 
74.0 
74.8 
75.6 
76.4 
76.4 
76.8 
77.2 
77.2 
78.0 
78.8 
79.6 
80.4 
81.2 
82.0 
82.8 
83.6 
84.4 
84.4 
84.8 
85.2 
85.2 
85.6 
86.0 
86.8 
87.6 
88.4 
89.2 
90.0 
90.8 
91.6 
92.4 
93.2 
94.0 
94.8 
95.6 
96.4 
97.2 
98.0 
98.8 
99.2 
99.6 
100.4 
101.2 
102.0 
102.8 
103.6 
104.4 
104.4 
105.2 
106.0 
-5.05 
-5.24 
-5.18 
-5.20 
-5 .44 
-5.37 
-5.36 
-5 .30 
-5 .31 
-5.46 
-5.35 
-5.37 
-5.11 
-5.43 
-5.29 
-5.24 
-5.28 
-5.02 
-4.88 
-4.74 
-5.02 
-4.99 
-5.10 
-4.96 
-4.94 
-5.11 
-4.99 
-5.20 
-5.32 
-5.34 
-5.32 
-5.34 
-5.30 
-5 .35 
-5.28 
-5.18 
-4.96 
-5.10 
-5 .19 
-5.11 
-4.79 
-4.73 
-4.78 
-4.72 
-4.71 
-4.66 
-4.74 
-4.85 
-4.96 
-4.90 
-4.97 
-5.01 
-5.05 
-5.06 
-5 .02 
-5 .07 
-1.05 
-0.74 
-0.88 
-0.71 
-0.73 
-0.90 
-1.02 
-0.74 
-0.84 
-0.94 
-0.85 
-0.93 
-1.02 
-1.03 
-1.30 
-0.78 
-0.83 
-0.73 
-1.01 
-0.83 
-0.62 
-1.05 
-1.11 
-1.15 
-1.10 
-0.93 
-1.01 
-0.93 
-0.97 
-0.92 
-0.82 
-0.65 
-0.52 
-0.70 
-0.73 
-0.77 
-1.04 
-1.29 
-1.22 
-1.16 
-1.00 
-0.80 
-0.98 
-1.25 
-2.54 
-2.47 
-2.95 
-2.47 
-1.47 
-0.59 
-0.55 
-0.71 
-0.72 
-0.80 
-0.97 
-1.24 

Fossil coral FM15, 6.09 ka, Muschu Island, seasonal sample stable isotope data 
continued 
Sample From To 0180 vodb 013C vodb Sample From To ()180 VJ>db ()13~b 
No. ~mm2 {mm2 {%o2 {%o2 No. {mm2 {mm2 {%o2 {%o2 
267 106.4 106.8 -5.16 -1.02 
269 107.2 107.6 -5.08 -0.93 
271 108.0 108.4 -4.92 -0.96 
273 108.8 109.2 -4.79 -1.38 
275 109.6 110.0 -4.96 -1.06 
277 110.4 110.8 -4.92 -0.94 
279 111.2 111.6 -5.00 -0.90 
281 112.0 112.4 -5.13 -0.81 
283 112.8 113.2 -5.20 -0.93 
285 113.6 114.0 -5.24 -1.03 
287 114.4 114.8 -5.28 -1.10 
289 115.2 115.6 -5.19 -0.85 
291 116.0 116.4 -5.30 -0.66 
291 116.0 116.4 -5.23 -0.75 
293 116.8 117.2 -5.18 -0.85 
295 117.6 118.0 -5.23 -1.07 
297 118.4 118.8 -5.10 -1.17 
299 119.2 119.6 -5.18 -1.50 
301 120.0 120.4 -5.15 -1.48 
303 120.8 121.2 -5.19 -1.67 
305 121.6 122.0 -5.02 -1.33 
307 122.4 122.8 -5.00 -1.09 
309 123.2 123.6 -4.83 -1.07 
311 124.0 124.4 -4.89 -1.36 
313 124.8 125.2 -4.82 -1.46 
315 125.6 126.0 -5.09 -1.24 
317 126.4 126.8 -5.19 -1.07 
319 127.2 127.6 -5.28 -0.95 
321 128.0 128.4 -5.33 -1.00 
323 128.8 129.2 -5.13 -1.09 
325 129.6 130.0 -4.96 -1.16 
327 130.4 130.8 -5.08 -0.84 
329 131.2 131.6 -5.15 -0.58 

Fossil coral FM24, 7.27 ka, Muschu Island, seasonal sample stable isotope data 
Note: Distance 0.0 mm is at the base of the high-resolut:..::io=n..::.sa=m=po:..:l=in=gc...::a:..:..re=a=. ____ _____ _ 
Sample From To 8"0 ,"". o"C,,.,. Sample From To 8"0 .,.. o"C,,.,. 
No. (mm) (mm) (%o) (%o) _..:..N:..::.o.:..... --'(=mm=)--=(mm=)'--___,(.:..:.%::.<.o) _ ___,(.:..:.%~o)_ 
239 80.5 81.0 -5.14 -1.50 357 21.5 22.0 -4.33 -0.34 
241 79.5 80.0 -4.88 -1.92 357 21.5 22.0 -4.34 -0.43 
243 78.5 79.0 -4.75 -1.46 359 20.5 21.0 -4.85 -1.58 
245 77.5 78.0 -4.91 -1.00 361 19.5 20.0 -4.84 -0.70 
247 76.5 77.0 -4.90 -1.79 363 18.5 19.0 -4.97 -1.64 
249 75.5 76.0 -5.33 -1.64 365 17.5 18.0 -5.28 -1.57 
251 74.5 75.0 -5 .30 -1.50 367 16.5 17.0 -5.13 -1.43 
253 73.5 74.0 -5.20 -1.36 369 15 .5 16.0 -5.14 -1.39 
255 
257 
259 
261 
263 
265 
267 
269 
271 
273 
275 
277 
279 
281 
283 
285 
287 
289 
291 
293 
295 
295 
297 
299 
301 
303 
305 
307 
309 
311 
313 
315 
317 
319 
321 
323 
325 
327 
329 
331 
333 
335 
337 
339 
341 
343 
345 
347 
349 
351 
353 
355 
72.5 
71.5 
70.5 
69.5 
68.5 
67 .5 
66.5 
65.5 
64.5 
63.5 
62.5 
61.5 
60.5 
59.5 
58.5 
57.5 
56.5 
55.5 
54.5 
53.5 
52.5 
52.5 
51.5 
50.5 
49.5 
48.5 
47.5 
46.5 
45.5 
44.5 
43 .5 
42.5 
41.5 
40.5 
39.5 
38.5 
37.5 
36.5 
35.5 
34.5 
33.5 
32.5 
31.5 
30.5 
29.5 
28.5 
27.5 
26.5 
25.5 
24.5 
23.5 
22.5 
73.0 
72.0 
71.0 
70.0 
69.0 
68.0 
67.0 
66.0 
65.0 
64.0 
63.0 
62.0 
61.0 
60.0 
59.0 
58.0 
57.0 
56.0 
55 .0 
54.0 
53.0 
53.0 
52.0 
51.0 
50.0 
49.0 
48.0 
47.0 
46.0 
45.0 
44.0 
43.0 
42.0 
41.0 
40.0 
39.0 
38.0 
37.0 
36.0 
35.0 
34.0 
33.0 
32.0 
31.0 
30.0 
29.0 
28.0 
27.0 
26.0 
25.0 
24.0 
23.0 
-5.23 
-5.18 
-5.26 
-5.44 
-5.49 
-5.48 
-5.42 
-5.43 
-5 .00 
-5.20 
-4 .74 
-4.93 
-5.25 
-5.30 
-5.14 
-5.19 
-5.18 
-5 .24 
-5.32 
-5.30 
-5.48 
-5.37 
-5.33 
-5.40 
-4.98 
-5.05 
-5.14 
-5.16 
-5.01 
-5 .17 
-5 .16 
-5 .12 
-5.06 
-5 .21 
-5 .26 
-5.20 
-5 .07 
-4.76 
-4.61 
-4.80 
-4.75 
-4.88 
-5.05 
-5.32 
-5.23 
-5 .28 
-5.14 
-5.47 
-5.41 
-5 .44 
-5 .19 
-5.12 
-1.00 
-1.50 
-1.66 
-0.95 
-0.46 
-0.82 
-0.68 
-1.21 
-1.48 
-1.52 
-1.41 
-1.60 
-1.65 
-1.14 
-1.47 
-0.89 
-1.01 
-0.95 
-1.17 
-0.90 
-1.13 
-1.21 
-1.34 
-0.81 
-1.18 
-1.40 
-1.89 
-1.27 
-1.93 
-1.25 
-1.30 
-1.30 
-1.07 
-0.63 
-1.06 
-0.97 
-1.26 
-1.91 
-3.14 
-1.77 
-0.85 
-1.67 
-2.67 
-2.12 
-1.23 
-1.62 
-0.62 
-0.77 
-1.11 
-0.85 
-0.84 
-1.21 
371 
373 
375 
377 
379 
381 
383 
385 
387 
389 
391 
393 
395 
397 
399 
14.5 
13.5 
12.5 
11.5 
10.5 
9.5 
8.5 
7.5 
6.5 
5.5 
4.5 
3.5 
2.5 
1.5 
0.5 
15.0 -5.19 -1.19 
14.0 -5.09 -0.82 
13.0 -5.18 -1.26 
12.0 -5.21 -1.06 
11.0 -5.24 -0.82 
10.0 -5.32 -0.66 
9.0 
8.0 
7.0 
6.0 
5.0 
4.0 
3.0 
2.0 
1.0 
-5.36 -1.06 
-5.31 -1.17 
-4.99 -1.37 
-5.02 -1.27 
-4.78 -0.93 
-4.73 -1.32 
-4.76 -2.29 
-5.00 -1.42 
-5.41 -1.47 

Fossil coral FM09, 2.04 ka, Muschu Island, seasonal sample Sr/Ca data 
Note: Distance 0.0 mm is at the base of the high-resolution sampling area. 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. error wt error atom error 
835 32.8 33.0 0.524605 0.000041 0.9964 0.9119 27.023510 0.000546 0.019413 0.000002 0.008880 0.000001 
839 32.0 32.2 0.517220 0.000040 0.9956 0.9180 26.823193 0.001044 0.019283 0.000002 0.008820 0.000001 
843 31.2 31.4 0.563702 0.000054 0.9949 0.8586 28.947038 0.001053 0.019474 0.000002 0.008907 0.000001 
847 30.4 30.6 0.612956 0.000065 0.9934 0.7891 31.876463 0.000955 0.019229 0.000002 0.008795 0.000001 
851 29.6 29.8 0.407114 0.000029 0.9954 1.1257 21.252588 0.000553 0.019156 0.000001 0.008762 0.000001 
855 28.8 29.0 0.489240 0.000044 0.9945 0.9546 25 .647609 0.000796 0.019075 0.000002 0.008725 0.000001 
859 28.0 28.2 0.475367 0.000043 0.9971 0.9815 24.847369 0.000858 0.019131 0.000002 0.008751 0.000001 
861 27 .6 27.8 1.036289 0.0001 0.9965 0.5006 54.053694 0.001915 0.019171 0.000002 0.008769 0.000001 
865 26.8 27.0 0.908804 0.000105 0.9963 0.5624 47.14102 0.002018 0.019278 0.000002 0.008818 0.000001 
869 26.0 26.2 0.393744 0.000031 0.9959 1.165 20.437516 0.00072 0.019266 0.000002 0.008812 0.000001 
873 25.2 25.4 1.356383 0.000143 0.9961 0.4027 70.180171 0.002840 0.019327 0.000002 0.008840 0.000001 
877 24.4 24.6 0.585543 0.000049 0.9961 0.8247 30.309566 0.000933 0.019319 0.000002 0.008836 0.000001 
881 23.6 23.8 0.684773 0.000051 0.9954 0.7203 35.391403 0.001364 0.019349 0.000002 0.008850 0.000001 
885 22.8 23.0 0.658595 0.000065 0.995 0.747 33.948405 0.001205 0.019400 0.000002 0.008874 0.000001 
889 22.0 22.2 0.637145 0.000066 0.9947 0.773 32.640801 0.000913 0.019520 0.000002 0.008928 0.000001 
893 21.2 21.4 0.632376 0.000051 0.996 0.7766 32.468343 0.001072 0.019477 0.000002 0.008909 0.000001 
897 20.4 20.6 0.63337 0.000061 0.9954 0.7743 32.578511 0.000987 0.019441 0.000002 0.008893 0.000001 
901 19.6 19.8 0.507313 0.000037 0.9972 0.9341 26.292841 0.000682 0.019295 0.000001 0.008825 0.000001 
905 18.8 19.0 0.417676 0.000035 0.9945 1.1014 21.788393 0.000631 0.019170 0.000002 0.008768 0.000001 
909 18.0 18.2 0.587752 0.000063 0.9963 0.8173 30.62811 0.000876 0.019190 0.000002 0.008778 0.000001 
913 17.2 17.4 0.413802 0.000035 0.9949 1.1122 21.548095 0.000632 0.019204 0.000002 0.008784 0.000001 
917 16.4 16.6 0.410552 0.000034 0.9945 1.1205 21.367628 0.000542 0.019214 0.000002 0.008788 0.000001 
921 15.6 15.8 0.477184 0.000042 0.9942 0.9818 24.840475 0.000649 0.019210 0.000002 0.008787 0.000001 
925 14.8 15.0 0.453295 0.000033 0.9969 1.028 23.573605 0.000654 0.019229 0.000001 0.008795 0.000001 
929 14.0 14.2 0.576881 0.000053 0.9962 0.8299 30.096674 0.000810 0.019168 0.000002 0.008767 0.000001 
933 13.2 13.4 0.442053 0.000034 0.9942 1.0473 23.076892 0.000785 0.019156 0.000002 0.008762 0.000001 
937 12.4 12.6 0.495687 0.000045 0.9949 0.9491 25 .818115 0.000950 0.019199 0.000002 0.008782 0.000001 
941 11.6 11.8 0.467378 0.000039 0.9948 1.0031 24.240981 0.000680 0.019280 0.000002 0.008819 0.000001 
945 10.8 11.0 0.450397 0.000036 0.9953 1.0315 23.481406 0.000587 0.019181 0.000002 0.008773 0.000001 
949 10.0 10.2 0.887996 0.000094 0.9972 0.5729 46.129926 0.001689 0.019250 0.000002 0.008805 0.000001 
953 9.2 9.4 0.464045 0.000035 0.9929 1.0001 24.323702 0.000596 0.019078 0.000002 0.008726 0.000001 
957 8.4 8.6 0.524381 0.000053 0.9968 0.906 27.223973 0.001146 0.019262 0.000002 0.0088 10 0.000001 
961 7.6 7.8 0.595638 0.000046 0.9939 0.8051 31.154412 0.001051 0.019119 0.000002 0.008745 0.000001 
965 6.8 7.0 0.626998 0.000054 0.997 0.766 32.983052 0.000930 0.019010 0.000002 0.008695 0.000001 
969 6.0 6.2 0.518006 0.000052 0.9939 0.9082 27.151203 0.000858 0.019079 0.000002 0.008727 0.000001 
973 5.2 5.4 0.556255 0.000047 0.9934 0.8514 29.224155 0.001 250 0.019034 0.000002 0.008706 0.000001 
977 4.4 4.6 0.609852 0.000049 0.9932 0.7869 31.982815 0.001174 0.019068 0.000002 0.008722 0.000001 
981 3.6 3.8 0.593886 0.000051 0.9941 0.7955 31.590273 0.000987 0.018800 0.000002 0.008599 0.000001 
985 2.8 3.0 0.386202 0.00003 0.9964 1.1766 20.206814 0.000598 0.019112 0.000002 0.008742 0.000001 
993 1.2 1.4 0.72238 0.000078 0.9954 0.6809 37.758886 0.001053 0.019131 0.000002 0.008751 0.000001 

Fossil coral FM22, 5.35 ka, Muschu Island, seasonal sample Sr/Ca data 
Note: Distance 0.0 mm is at the base of the high-resolution sampling area. 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. error wt error atom error 
93 124.2 124.8 0.585975 0.000056 0.9958 0.8325 29.98795 0.001007 0.019540 0.000002 0.008938 0.000001 
97 121.8 122.4 0.386951 0.000035 0.9945 1.2058 19.649054 0.000563 0.019693 0.000002 0.009008 0.000001 
101 119.4 120.0 0.350749 0.000028 0.9945 1.3013 18.007339 0.000469 0.019478 0.000002 0.008909 0.000001 
105 117.0 117.6 0.341608 0.000025 0.9927 1.3224 17.677677 0.000568 0.019324 0.000002 0.008839 0.000001 
109 114.6 115.2 0.340356 0.000023 0.9961 1.3272 17.603428 0.000481 0.019335 0.000001 0.008844 0.000001 
113 112.2 112.8 0.361921 0.000024 0.9956 1.2698 18.520581 0.000549 0.019542 0.000001 0.008938 0.000001 
117 109.8 110.4 0.373119 0.000028 0.9943 1.2318 19.174857 0.000488 0.019459 0.000002 0.008901 0.000001 
121 107.4 108.0 0.339944 0.000025 0.9952 1.3404 17.405024 0.000468 0.019531 0.000002 0.008934 0.000001 
125 105.0 105.6 0.344503 0.000032 0.9956 1.3312 17.544938 0.000655 0.019635 0.000002 0.008981 0.000001 
127 103.8 104.4 0.343745 0.000023 0.9949 1.333 17.516234 0.000435 0.019624 0.000001 0.008976 0.000001 
133 100.2 100.8 0.391197 0.000028 0.9945 1.182 20.100472 0.000603 0.019462 0.000002 0.008902 0.000001 
137 97.8 98.4 0.354578 0.000024 0.9941 1.2865 18.244322 0.000456 0.019435 0.000001 0.008890 0.000001 
141 95.4 96.0 0.374325 0.000028 0.9957 1.2282 19.24042 0.000588 0.019455 0.000002 0.008899 0.000001 
147 91.8 92.4 0.364146 0.000034 0.9943 1.2545 18.778729 0.000565 0.019391 0.000002 0.008870 0.000001 
151 89.4 90.0 0.504642 0.000039 0.9956 0.9532 25.69351 0.000849 0.019641 0.000002 0.008984 0.000001 
155 87.0 87.6 0.411349 0.000034 0.9943 1.1317 21.123319 0.000680 0.019474 0.000002 0.008907 0.000001 
159 84.6 85.2 0.383815 0.000029 0.9954 1.1948 19.855919 0.000542 0.019330 0.000002 0.008842 0.000001 
163 82.2 82.8 0.405638 0.000036 0.9954 1.1329 21.103192 0.001023 0.019222 0.000002 0.008792 0.000001 
165 81.0 81.6 0.718187 0.000079 0.986 0.6914 37.099854 0.001397 0.019358 0.000002 0.008855 0.000001 
167 79.8 80.4 0.366675 0.000027 0.9947 1.248 18.891361 0.000479 0.019410 0.000002 0.008878 0.000001 
171 77.4 78.0 0.374235 0.000029 0.9979 1.2266 19.270067 0.000504 0.019421 0.000002 0.008883 0.000001 
175 75.0 75.6 0.37322 0.000028 0.9877 1.2332 19.148203 0.000519 0.019491 0.000002 0.008915 0.000001 
179 72.6 73.2 0.406694 0.000033 0.994 1.1548 20.641973 0.000511 0.019702 0.000002 0.009012 0.000001 
183 70.2 70.8 0.412389 0.000041 0.9951 1.1353 21.048148 0.000575 0.019593 0.000002 0.008962 0.000001 
187 67.8 68.4 0.437009 0.000037 0.993 1.0666 22.603384 0.000661 0.019334 0.000002 0.008843 0.000001 
191 65.4 66.0 0.463948 0.000038 0.9954 1.0149 23.912763 0.001040 0.019402 0.000002 0.008874 0.000001 
195 63 .0 63.6 0.436631 0.000045 0.9958 1.0747 22.406684 0.000571 0.019487 0.000002 0.008913 0.000001 
199 60.6 61.2 0.411316 0.000037 0.995 1.1253 21.261232 0.000625 0.019346 0.000002 0.008849 0.000001 
203 58.2 58.8 0.370049 0.000034 0.9943 1.2369 19.082848 0.000693 0.019392 0.000002 0.008870 0.000001 
207 55.8 56.4 0.447332 0.000035 0.9945 1.0606 22.750489 0.000568 0.019663 0.000002 0.008994 0.000001 
211 53.4 54.0 0.519638 0.000042 0.9967 0.9261 26.55 1992 0.000818 0.019571 0.000002 0.008952 0.000001 
215 51.0 51.6 0.497368 0.000046 0.9945 0.9609 25.459177 0.000693 0.019536 0.000002 0.008936 0.000001 
219 48.6 49.2 0.53482 0.000047 0.9957 0.8938 27.648852 0.000834 0.019343 0.000002 0.008848 0.000001 
223 46.2 46.8 0.360342 0.00003 0.9939 1.2633 18.629364 0.000579 0.019343 0.000002 0.008847 0.000001 
227 43.8 44.4 0.446536 0.000033 0.995 1.0503 23.003635 0.000600 0.019412 0.000002 0.008879 0.000001 
231 41.4 42.0 0.423885 0.000031 0.9933 1.109 21.618913 0.000551 0.019607 0.000002 0.008968 0.000001 
235 39.0 39.6 0.489779 0.000042 0.9946 0.9792 24.916917 0.000675 0.019656 0.000002 0.008991 0.000001 
239 36.6 37.2 0.452241 0.000039 0.9993 1.0388 23.293404 0.000602 0.019415 0.000002 0.008880 0.000001 
243 34.2 34.8 0.339188 0.000028 0.9952 1.3314 17.541814 0.0005 0.019336 0.000002 0.008844 0.000001 
247 31.8 32.4 0.376762 0.000031 0.9929 1.2173 19.437102 0.000726 0.019384 0.000002 0.008866 0.000001 
251 29.4 30.0 0.388185 0.000025 0.9969 1.1973 19.807594 0.000614 0.019598 0.000001 0.008964 0.000001 
255 27.0 27.6 0.386378 0.000034 0.9966 1.2041 19.679902 0.000538 0.019633 0.000002 0.008980 0.000001 
257 25.8 26.4 0.662807 0.000062 0.945 0.7533 33.618947 0.000936 0.019715 0.000002 0.009018 0.000001 
259 24.6 25.2 0.628768 0.000088 0.9966 0.7891 31.884274 0.001181 0.019720 0.000003 0.009020 0.000001 
261 23.4 24.0 0.780391 0.000087 0.9977 0.6534 39.600777 0.001315 0.019706 0.000002 0.009014 0.000001 
263 22.2 22.8 0.436148 0.000039 0.9935 1.0797 22.290469 0.000609 0.019567 0.000002 0.008950 0.000001 
267 19.8 20.4 0.450259 0.000041 0.9938 1.0499 23.01265 0.00071 0.019566 0.000002 0.008949 0.000001 
267 19.8 20.4 0.581514 0.000054 0.9951 0.8412 29 .634293 0.000998 0.019623 0.000002 0.008976 0.000001 
271 17.4 18.0 0.655441 0.000069 0.9975 0.7564 33.462957 0.001095 0.019587 0.000002 0.008959 0.000001 
275 15.0 15.6 0.754606 0.000204 0.9938 0.6679 38.609835 0.001161 0.019544 0.000005 0.008940 0.000002 
279 12.6 13.2 0.749605 0.000076 0.9939 0.6693 38.513753 0.001393 0.019463 0.000002 0.008903 0.000001 
283 10.2 10.8 0.733373 0.000079 0.9929 0.6833 37.605644 0.001255 0.019502 0.000002 0.008920 0.000001 
287 7.8 8.4 0.586166 0.000042 0.994 0.8324 29.986654 0.000884 0.019548 0.000002 0.008941 0.000001 
291 5.4 6.0 0.759 0.000066 0.9932 0.6692 38.525766 0.001814 0.019701 0.000002 0.009011 0.000001 
295 3.0 3.6 0.710651 0.000072 0.9963 0.7027 36.413955 0.001069 0.019516 0.000002 0.008927 0.000001 
299 0.6 1.2 0.720349 0.000071 0.996 0.6886 37.271091 0.001321 0.019327 0.000002 0.008840 0.000001 

Fossil coral FM15, 6.09 ka, Muschu Island, seasonal sample Sr/Ca data 
Sample From To Sr Sr Ca Disc. 43/44 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. error wt error atom error 
91 36.0 36.4 0.404460 0.000030 0.9953 1.1442 20.860571 0.00059 0.019389 0.000002 0.008868 0.000001 
95 37.6 38.0 0.430078 0.000032 0.9935 1.0776 22.340626 0.000649 0.019251 0.000002 0.008805 0.000001 
99 39.2 39.6 0.470289 0.000037 0.9949 0.9928 24.526711 0.000665 0.019175 0.000002 0.008771 0.000001 
103 40.8 41.2 0.463579 0.000047 0.9945 1.0066 24.145019 0.000792 0.019200 0.000002 0.008782 0.000001 
107 42.4 42.8 0.516999 0.000042 0.9953 0.9137 26.964773 0.000783 0.019173 0.000002 0.008770 0.000001 
111 44.0 44.4 0.535223 0.000053 0.9976 0.8875 27.873094 0.000888 0.019202 0.000002 0.008783 0.000001 
115 45 .6 46.0 0.444201 0.000047 0.9960 1.0518 22.965221 0.000585 0.019342 0.000002 0.008847 0.000001 
117 46.4 46.8 0.526142 0.000042 0.9941 0.9031 27.324741 0.00084 0.019255 0.000002 0.008807 0.000001 
119 47.2 47.6 0.458278 0.000029 0.9963 1.0158 23.894879 0.000573 0.019179 0.000001 0.008773 0.000001 
123 48.8 49.2 0.454212 0.000033 0.9967 1.0209 23.759445 0.00065 0.019117 0.000001 0.008744 0.000001 
127 50.4 50.8 0.439344 0.000034 0.9927 1.0496 23.019673 0.000692 0.019086 0.000002 0.008730 0.000001 
131 52.0 52.4 0.424082 0.000028 0.9965 1.0829 22.214247 0.000545 0.019091 0.000001 0.008732 0.000001 
135 53.6 54.0 0.445737 0.000030 0.9954 1.0393 23.280459 0.000728 0.019146 0.000001 0.008758 0.000001 
139 55.2 55.6 0.458744 0.000036 0.9954 1.0262 23.616789 0.00072 0.019424 0.000002 0.008885 0.000001 
143 56.8 57.2 0.435509 0.000037 0.9958 1.0734 22.438641 0.000627 0.019409 0.000002 0.008878 0.000001 
147 58.4 58.8 0.444870 0.000032 0.9991 1.0448 23.140114 0.000876 0.019225 0.000002 0.008794 0.000001 
151 60.0 60.4 0.440359 0.000041 0.9927 1.0456 23 .122735 0.000506 0.019044 0.000002 0.008711 0.000001 
155 61.6 62.0 0.456952 0.000047 0.9943 1.0187 23.818102 0.000751 0.019185 0.000002 0.008775 0.000001 
159 63.2 63.6 0.439296 0.000038 0.9960 1.0535 22.924036 0.00064 0.019163 0.000002 0.008765 0.000001 
163 64.8 65.2 0.447383 0.000032 0.9949 1.0308 23.496786 0.000705 0.019040 0.000001 0.008709 0.000001 
167 66.4 66.8 0.405637 0.000032 0.9978 1.1384 20.981894 0.000577 0.019333 0.000002 0.008843 0.000001 
171 68.0 68.4 0.383902 0.000027 0.9938 1.1963 19.826250 0.000504 0.019363 0.000001 0.008857 0.000001 
175 69.6 70.0 0.435788 0.000032 0.9920 1.0557 22.867116 0.00076 0.019057 0.000002 0.008717 0.000001 
179 71.2 71.6 0.415092 0.000027 0.9940 1.1008 21.800982 0.000647 0.019040 0.000001 0.008709 0.000001 
183 72.8 73.2 0.403038 0.000035 0.9930 1.1286 21.192543 0.000614 0.019018 0.000002 0.008699 0.000001 
187 74.4 74.8 0.395783 0.000031 0.9939 1.1482 20.776329 0.00065 0.019050 0.000002 0.008713 0.000001 
191 76.0 76.4 0.412956 0.000028 0.9941 1.1046 21.716042 0.000574 0.019016 0.000001 0.008698 0.000001 
195 77.6 78.0 0.425919 0.000041 0.9938 1.0757 22.379953 0.000835 0.019031 0.000002 0.008705 0.000001 
199 79.2 79.6 0.392951 0.000031 0.9965 1.1589 20.560100 0.000601 0.019112 0.000002 0.008742 0.000001 
203 80.8 81.2 0.415339 0.000034 0.9942 1.1159 21.462268 0.000927 0.019352 0.000002 0.008852 0.000001 
207 82.4 82.8 0.444584 0.000033 0.9927 1.0466 23.095562 0.000496 0.019250 0.000001 0.008805 0.000001 
211 84.0 84.4 0.509253 0.000057 0.9952 0.9259 26.558397 0.00098 0.019175 0.000002 0.008771 0.000001 
215 85.6 86.0 0.355481 0.000031 0.9940 1.2556 18.759069 0.000437 0.018950 0.000002 0.008668 0.000001 
219 87.2 87.6 0.397628 0.000033 0.9943 1.1161 21.461171 0.000773 0.018528 0.000002 0.008475 0.000001 
223 88.8 89.2 0.381270 0.000027 0.9970 1.1832 20.077701 0.00066 0.018990 0.000001 0.008686 0.000001 
227 90.4 90.8 0.403129 0.000028 0.9961 1.1300 21.159797 0.000565 0.019052 0.000001 0.008714 0.000001 
231 92.0 92.4 0.446916 0.000034 0.9936 1.0380 23.313411 0.00062 0.019170 0.000002 0.008768 0.000001 
235 93.6 94.0 0.442849 0.000035 0.9957 1.0426 23.196563 0.000656 0.019091 0.000002 0.008732 0.000001 
239 95.2 95.6 0.434430 0.000037 0.9983 1.0692 22.533291 0.000919 0.019279 0.000002 0.008819 0.000001 
243 96.8 97.2 0.393863 0.000028 0.9938 1.1672 20.395412 0.000644 0.019311 0.000002 0.008833 0.000001 
247 98.4 98.8 0.408445 0.000034 0.9997 1.1299 21.162137 0.000655 0.019301 0.000002 0.008828 0.000001 
251 100.0 100.4 0.476197 0.000052 0.9949 0.9771 24.977421 0.000712 0.019065 0.000002 0.008720 0.000001 
255 101.6 102.0 0.378897 0.000035 0.9966 1.1925 19.900106 0.000583 0.019040 0.000002 0.008709 0.000001 
259 103.2 103.6 0.4067 0.000033 0.9939 1.1211 21.350853 0.000742 0.019048 0.000002 0.00871 3 0.000001 
263 104.8 105.2 0.398847 0.000029 0.9946 1.1452 20.840723 0.000575 0.019138 0.000001 0.008754 0.000001 
267 106.4 106.8 0.753144 0.000060 0.9938 0.6549 39.493696 0.001275 0.019070 0.000002 0.008723 0.000001 
271 108.0 108.4 0.421355 0.000038 0.9949 1.0953 21.928117 0.000611 0.019215 0.000002 0.008789 0.000001 
275 109.6 110.0 0.569017 0.000052 0.9923 0.8375 29.784156 0.001223 0.019105 0.000002 0.008739 0.000001 
279 111.2 111.6 0.602383 0.000048 0.9979 0.798 31.474317 0.001138 0.019139 0.000002 0.008754 0.000001 
283 112.8 113.2 0.853512 0.000086 0.9974 0.5885 44.704705 0.001372 0.019092 0.000002 0.008733 0.000001 
287 114.4 114.8 0.631074 0.000056 0.994 0.7616 33.199311 0.001149 0.019009 0.000002 0.008695 0.000001 
291 116.0 116.4 0.402038 0.000039 0.9959 1.1297 21.16798 0.000591 0.018993 0.000002 0.008687 0.000001 
295 117.6 118.0 0.423012 0.000038 0.995 1.0793 22.300745 0.001057 0.018969 0.000002 0.008676 0.000001 
299 119.2 119.6 0.449732 0.000045 0.9973 1.0256 23.636449 0.001006 0.019027 0.000002 0.008703 0.000001 
303 120.8 121.2 0.417582 0.000035 0.9954 1.0925 21.995788 0.000826 0.018985 0.000002 0.008684 0.000001 
307 122.4 122.8 0.406126 0.000034 0.9968 1.131 21.140761 0.000724 0.019211 0.000002 0.008787 0.000001 
311 124.0 124.4 0.460533 0.000039 0.9958 1.0136 23.956139 0.00075 0.019224 0.000002 0.008793 0.000001 
315 125.6 126.0 0.385599 0.00003 0.9977 1.1781 20.180241 0.00077 0.019108 0.000002 0.008740 0.000001 
319 127.2 127.6 0.463048 0.000034 0.9945 0.9982 24.378213 0.001071 0.018994 0.000002 0.008688 0.000001 
323 128.8 129.2 0.455701 0.000042 0.9961 1.017 23 .86586 0.001328 0.019094 0.000002 0.008734 0.000001 
327 130.4 130.8 0.470701 0.000048 0.995 0.9863 24.713849 0.001159 0.019046 0.000002 0.008712 0.000001 
331 132.0 132.4 0.372847 0.000029 0.9964 1.2098 19.574777 0.000788 0.019047 0.000002 0.008712 0.000001 
335 133.6 134.0 0.443503 0.000033 0.9943 1.037 23.340725 0.000744 0.019001 0.000002 0.008691 0.000001 
339 135.2 135.6 0.40664 0.000033 0.9918 1.1176 21.428012 0.00063 0.018977 0.000002 0.008680 0.000001 
343 136.8 137.2 0.519224 0.000043 0.9941 0.9085 27.142619 0.000904 0.019129 0.000002 0.008750 0.000001 
347 138.4 138.8 0.415013 0.000029 0.9941 1.1139 21.50893 0.000593 0.019295 0.000001 0.008826 0.000001 

Fossil coral FM24, 7.27 ka, Muschu Island, seasonal sample Sr/Ca data 
Note: Distance 0.0 mm is at the base of the high-resolution sampling area. 
Sample From To Sr Sr Ca Disc. 43144 Ca Ca Sr/Ca Sr/Ca Sr/Ca Sr/Ca at 
No. (mm) (mm) cone. error min meas. cone. error wt error atom error 
239 80.5 81.0 0.86342 0.000093 0.994 0.588 44.74671 0.001703 0.019296 0.000002 0.008826 0.000001 
243 78.5 79.0 0.385224 0.000031 0.9944 1.1959 19.834705 0.000494 0.019422 0.000002 0.008884 0.000001 
247 76.5 77.0 0.376789 0.000031 0.9961 1.2086 19.594354 0.000536 0.019229 0.000002 0.008796 0.000001 
251 74.5 75.0 0.352244 0.000032 0.994 1.2766 18.405516 0.000527 0.019138 0.000002 0.008754 0.000001 
255 72.5 73.0 0.366018 0.000029 0.9977 1.2333 19.148063 0.000541 0.019115 0.000002 0.008743 0.000001 
259 70.5 71.0 0.374793 0.000028 0.9944 1.2096 19.57846 0.000453 0.019143 0.000001 0.008756 0.000001 
263 68.5 69.0 0.328147 0.000027 0.9955 1.3496 17.267695 0.000457 0.019004 0.000002 0.008692 0.000001 
267 66.5 67.0 0.611414 0.000046 0.9987 0.7881 31.927005 0.001269 0.019150 0.000002 0.008759 0.000001 
271 64.5 65'.0 0.779862 0.000078 0.9928 0.6405 40.484353 0.007654 0.019263 0.000004 0.008811 0.000002 
275 62.5 63.0 0.362636 0.000028 0.9935 1.2606 18.674993 0.000523 0.019418 0.000002 0.008882 0.000001 
279 60.5 61.0 0.431523 0.000027 0.9968 1.0736 22.435037 0.000630 0.019234 0.000001 0.008798 0.000001 
284 58.5 58.5 0.457244 0.000034 0.9966 1.0264 23.61561 0.000616 0.019362 0.000002 0.008856 0.000001 
287 56.5 57.0 0.411926 0.00003 0.9964 1.1212 21.350961 0.000522 0.019293 0.000001 0.008825 0.000001 
291 54.5 55.0 0.386086 0.00003 0.9954 1.1841 20.060862 0.000667 0.019246 0.000002 0.008803 0.000001 
295 52.5 53.0 0.398482 0.000037 0.9948 1.1496 20.750682 0.000497 0.019203 0.000002 0.008784 0.000001 
299 50.5 51.0 0.403761 0.000028 0.9965 1.136 21.031847 0.000572 0.019198 0.000001 0.008781 0.000001 
303 48.5 49.0 0.349295 0.000028 0.994 1.2985 18.051362 0.000461 0.019350 0.000002 0.008851 0.000001 
307 46.5 47.0 0.401267 0.000036 0.993 1.1443 20.86121 0.000668 0.019235 0.000002 0.008798 0.000001 
311 44.5 45.0 0.339724 0.000026 0.9924 1.3208 17.702386 0.000422 0.019191 0.000002 0.008778 0.000001 
313 43.5 44.0 0.700962 0.000064 0.9974 0.7007 36.537413 0.001601 0.019185 0.000002 0.008775 0.000001 
315 42.5 43.0 0.271603 0.000023 0.9948 1.5958 14.233995 0.000407 0.019081 0.000002 0.008728 0.000001 
317 41.5 42.0 0.575462 0.000051 0.996 0.8263 30.242069 0.001169 0.019029 0.000002 0.008704 0.000001 
319 40.5 41.0 0.22486 0.000017 0.9926 1.8847 11.718396 0.000289 0.019189 0.000002 0.008777 0.000001 
323 38.5 39.0 0.313307 0.000024 0.9963 1.424 16.24639 0.003570 0.019285 0.000004 0.008821 0.000002 
327 36.5 37.0 0.41047 0.000035 0.9947 1.1429 20.886636 0.000588 0.019652 0.000002 0.008989 0.000001 
331 34.5 35.0 0.459122 0.000035 0.9948 1.0321 23.467069 0.000612 0.019565 0.000002 0.008949 0.000001 
335 32.5 33.0 0.398643 0.000031 0.9953 1.1557 20.624026 0.000526 0.019329 0.000002 0.008841 0.000001 
339 30.5 31.0 0.49588 0.000036 0.992 0.9478 25 .861743 0.000702 0.019174 0.000001 0.008770 0.000001 
343 28.5 29.0 0.536765 0.000064 0.9933 0.8891 27.809196 0.001401 0.019302 0.000002 0.008829 0.000001 
347 26.5 27.0 0.401452 0.000034 0.996 1.139 20.970581 0.000728 0.019144 0.000002 0.008756 0.000001 
351 24.5 25.0 0.401062 0.000032 0.9946 1.1427 20.892057 0.000495 0.019197 0.000002 0.008781 0.000001 
355 22.5 23.0 0.693029 0.000061 0.9943 0.7085 36.073031 0.001050 0.019212 0.000002 0.008788 0.000001 
359 20.5 21.0 0.406748 0.000031 0.9967 1.136 21.033577 0.000554 0.019338 0.000002 0.008845 0.000001 
363 18.5 19.0 0.399106 0.00003 0.9935 1.1536 20.668259 0.000630 0.019310 0.000002 0.008833 0.000001 
364 18.0 18.5 0.694815 0.000057 0.9959 0.7062 36.208157 0.001254 0.019189 0.000002 0.008777 0.000001 
366 17.0 17.5 0.368733 0.000034 0.9956 1.2212 19.364519 0.000496 0.019042 0.000002 0.008710 0.000001 
367 16.5 17.0 0.37601 0.000031 0.9961 1.2016 19.726729 0.000510 0.019061 0.000002 0.008719 0.000001 
368 16.0 16.5 0.787943 0.00007 0.9953 0.6338 41.013204 0.001477 0.019212 0.000002 0.008788 0.000001 
371 14.5 15.0 0.373766 0.000039 0.9962 1.2168 19.447038 0.000708 0.019220 0.000002 0.008791 0.000001 
375 12.5 13.0 0.374336 0.000032 0.996 1.2173 19.436122 0.000513 0.019260 0.000002 0.008810 0.000001 
379 10.5 11.0 0.407917 0.000031 0.9932 1.1273 21.217265 0.000568 0.019226 0.000002 0.008794 0.000001 
383 8.5 9.0 0.374344 0.000034 0.9944 1.2099 19.57303 0.000530 0.019126 0.000002 0.008748 0.000001 
387 6.5 7.0 0.656448 0.000060 0.9818 0.7473 33.918353 0.003068 0.019354 0.000002 0.008852 0.000001 
391 4.5 5.0 0.436721 0.000039 0.9956 1.0728 22.450952 0.000675 0.019452 0.000002 0.008898 0.000001 
395 2.5 3.0 0.556996 0.000053 0.9976 0.8617 28.830175 0.001058 0.019320 0.000002 0.008837 0.000001 
399 0.5 1.0 0.371792 0.000034 0.9947 1.2099 19.572195 0.000519 0.018996 0.000002 0.008689 0.000001 
399 0.5 1.0 0.647073 0.000054 0.9978 0.7443 34.088738 0.001417 0.018982 0.000002 0.008682 0.000001 
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Abstract- Coral proxy records of sea surface temperature (SST) and hydrological balance have become 
important tools in the field of tropical paleoclimatology. However, coral aragonite is subject to post-
depositional diagenetic alteration in both the marine and vadose environments. To understand the impact of 
diagenesis on coral climate proxies, two mid-Holocene Porites corals from raised reefs on Muschu Island, 
Papua New Guinea, were analysed for Sr/Ca, 1> 180, and .S 13C along transects from 100% aragonite to 100% 
calcite. Thin-section analysis showed a characteristic vadose zone diagenetic sequence, beginning with 
leaching of primary aragonite and fine calcite overgrowths, transitional to calcite void filling and neomorphic, 
fabric selective replacement of the coral skeleton. Average calcite Sr/Ca and () 180 values were lower than 
those for coral aragonite, decreasing from 0.0088 to 0.0021 and -5.2 to -8.1%o, respectively. The relatively 
low Sr/Ca of the secondary calcite reflects the Sr/Ca of dissolving phases and the large difference between 
aragonite and calcite Sr/Ca partition coefficients. The decrease in 1> 180 of calcite relative to coral aragonite is 
a function of the 1> 180 of precipitation. Carbon-isotope ratios in secondary calcite are variable, though 
generally lower relative to aragonite, ranging from -2.5 to -10.4%. The variability of .S13C in secondary 
calcite reflects the amount of soil C02 contributing 13C-depleted carbon to the precipitating fluids. Diagenesis 
has a greater impact on Sr/Ca than on 1> 180; the calcite compositions reported here convert to SST anomalies 
of ll5°C and l4°C, respectively. Based on calcite Sr/Ca compositions in this study and in the literature, the 
sensitivity of coral Sr/Ca-SST to vadose-zone calcite diagenesis is 1.1 to 1.5°C per percent calcite. In contrast, 
the rate of change in coral 1>180-SST is relatively small ( -0.2 to 0.2°C per percent calcite). We show that large 
shifts in 1> 180, reported for mid-Holocene and Last Interglacial corals with warmer than present Sr/Ca-SSTs, 
cannot be caused by calcite diagenesis. "Low-level calcite diagenesis can be detected through X-ray diffraction 
techniques, thin section analysis, and high spatial resolution sampling of the coral skeleton and thus should 
not impede the production of accurate coral paleoclimate reconstructions. Copyright © 2003 Elsevier 
Science Ltd 
1. INTRODUCTION 
Paleoclimate reconstruction in the tropics has emerged as an 
important tool for exploring the natural bounds of climate 
variability. Long-lived, massive corals provide valuable natural 
archives of tropical climate and fossil corals provide "win-
dows" into climates of the past. However, the extent of sea 
surface temperature (SST) cooling during glacial episodes ap-
pears to be over-estimated by coral Sr/Ca (Guilderson et al., 
1994; Becket al., 1997; McCulloch eta!., 1999), at least when 
compared to other marine temperature proxies, such as forami-
niferal assemblages (CLIMAP, 1981), foraminiferal Mg/Ca 
(Lea et al., 2000) and alkenone unsaturation ratios (Bard et a!., 
1997). Although some of this variability may be accounted for 
by variations in seawater Sr/Ca during glacial-interglacial cy-
cles (Stoll and Schrag, 1998; Martin et a!. , 1999; Stoll et a!., 
1999), discrepancies still remain (Lea et al., 2000). 
There has been concern that coral proxy records may be 
affected by diagenesis (Guilderson et al., 1994; McCulloch et 
a! ., 1996; Esat et al. , 1999; Hughen et al., 1999; Woodroffe and 
Gagan, 2000; Guilderson et al., 2001; Tudhope et al., 2001). 
For corals, diagenesis refers to the precipitation of secondary 
aragonite or calcite in skeletal voids, or the replacement of 
* Author to whom correspondence should be addressed 
(helen.mcgregor@anu.edu.au). 
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skeletal aragonite, usually with calcite (Bathurst, 1975). During 
this transformation, isotopes and trace elements are exchanged 
and removed, thus changing the geochemistry of the coralline 
matrix. 
An increasing number of proxy climate records are being 
produced from subaerially exposed corals of Holocene and Last 
Interglacial age, which may be subject to diagenesis, primarily 
in the vadose zone (McCulloch et al., 1996; Hughen et a!., 
1999; McCulloch et al., 1999; Correge et al., 2000; Woodroffe 
and Gagan, 2000; Tudhope et al., 2001). If diagenesis occurs in 
the vadose zone, corals are most likely to transform to calcite. 
Several authors have stated screening methods, involving X-ray 
diffraction (XRD) and petrographic analysis, to avoid diagen-
esis in corals (Guilderson et al., 1994; McCulloch et al., 1996; 
Esat et al., 1999; Hughen et al. , 1999; Woodroffe and Gagan, 
2000; Guilderson eta!., 2001; Tudhope et al., 2001). However, 
only a limited number of studies quantify the effect of diagen-
esis on coral climate proxies. Most of the numerous studies on 
diagenesis focus on geochemical changes in carbonate strati-
graphic sequences, from a variety of facies, which have often 
undergone several phases of diagenesis (Bathurst, 1975; Arthur 
et al., 1983; Schroeder and Purser, 1986). Of those works that 
have examined diagenetic effects on coral proxies, most inves-
tigated diagenetic processes, rather than exploring the paleo-
climatic implications of these diagenetic transformations (Sie-
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gel, 1960; Harris and Matthews, 1968; Martinet a!., 1986; Zhu 
et a!., 1988; Zhu, 1990; Stein eta!., 1993; Zhu et a!., 1994). 
Inclusion of even a small amount of diagenetic material in a 
coral used for climate reconstruction has the potential to render 
the results inaccurate. To quantify the paleoclimatic implica-
tions of diagenesis in vadose zone fossil corals, we have mea-
sured stable isotopes and Sr/Ca in aragonite-to-calcite transects 
from two mid-Holocene Porites sp .. These corals were period-
ically subaerially exposed in the intertidal zone of Muschu 
Island, Papua New Guinea (PNG). XRD and petrographic 
analysis of thin sections have been used to match diagenetic 
textures and the percentage of calcite with geochemical results 
for the corals. The results show that diagenesis gives lower 
Sr/Ca and stable isotope ratios. By converting these ratios to 
SST, we have explored the consequences of this type of di-
agenesis for paleotemperature estimates. 
1.1. Geological Setting 
Fossil corals from Muschu Island (03°25'S 143°35'E), PNG, 
were chosen for geochemical and petrographic analysis of 
diagenesis due to their obvious transition from aragonite to 
calcite, seemingly good preservation of aragonite away from 
the transition zone, and contrasting preservation environment. 
The two Porites sp. corals were drilled from uplifted reefs at 
Rebiew (FM19) and Morock (FM08) Bays (Fig. 1) during Leg 
6b of Project TROPICS (Tropical River-Ocean Processes In 
Coastal Settings) from 24 May to 19 June, 1998. A modem 
Porites lutea coral (J. True, private communication) from Cape 
Saum, Muschu Island (MS01), was used for comparison with 
the fossil corals. The climate of the Muschu Island region is 
equatorial, with an average annual rainfall of 2000 rnmlyr 
(McAlpine eta!., 1983). Mean annual SSTs are typically 29 :!:: 
0.7°C. 
Corals from Rebiew Bay, on the southern side of the island 
(Fig. 1), range in age from 1360 to 1870 yr BP (oceanic 14C 
reservoir correction 410 yr) and are located in the intertidal 
zone, -20 m from the beach. They are almost completely 
exposed and stand as isolated coral heads. Behind the beach, 
more corals are eroding from under a vegetated area, with a 
mixture of sandy soil and coral rubble covering and surround-
ing these corals. Coral FM19 is -2m high and -1.5 min 
diameter. Halfway down the 1.1 m core is an 80 mm-transition 
zone from aragonitic to calcitic material (Fig. 2). 
Corals from Morock Bay, on the northeastern side of the 
island (Fig. 1), are older, ranging in age from 6110 to 4680 yr 
BP (oceanic 14C reservoir correction 410 yr). Morock Bay 
corals have only their tops exposed at low tide and are eroding 
out from a sandy beach. A 0.2 m long core was drilled from 
specimen FM08, a 1.3 m high coral with a diameter of 1.6 m. 
The base of the core was calcitised with 1 to 3 mm patches of 
calcite visible from 30 mm above the base of the coral (Fig. 2). 
2. METHODS 
Seven millimeter thick slices were taken from coral cores FM08 and 
FM 19 along the main growth axis. A dentist drill with a stainless steel 
circular bit was used to collect samples for geochemistry and XRD 
from the 7 mm slices, along the aragonite-to-calcite transects (Fig. 2). 
The mirror image face of one side of the slice, on the off-cut of the 
core, was used to prepare standard 50 to 100 J.L.m thick, 60 X 20 mm 
petrographic thin sections. This strategy allowed geochemical and 
143°30'E 
Fig. 1. Location of the coral collection sites Morock and Rebiew 
Bays, Muschu Island, Papua New Guinea (PNG). 
XRD results to be compared as closely as possible to petrography. 
Additional -I 00% aragonite and -I 00% calcite samples were col-
lected from each coral, with these samples located away from the 
original transect. All slices were ultrasonically cleaned before sample 
collection. 
A second 7 mm thick slice was cut from FM08 and yearly samples 
were collected, with years defined by the transition from a high to a low 
density band, as seen in the coral X-ray (Fig. 2). XRD and thin section 
analysis of five of these samples, along with the X-ray prints and visual 
inspection, revealed traces of calcite. Four of these five samples were 
milled at near-weekly resolution (0.25 mm per sample) using the 
automated micro-milling system described in Gagan et al. (1994). 
Approximately 100 to 200 mg of coralline powder from each sample 
was used for XRD analysis. Samples were ground under ethanol to 
approximately 25 J.L.m and smeared onto a glass slide.The slides were 
analysed on a Sietronics Diffractometer with the Cobalt X-ray tube on 
90% loading (30 rnA, 50 mY) and scanned from 20 of 20' to 60'. The 
percent aragonite and calcite in each sample was estimated using 
SIROQUANT v. 2.5 software utilising the Rietvelt method for analys-
ing diffraction peaks. Errors on estimates of percent calcite are :!:2%. 
A separate aliquot of each sample was analysed for Sr/Ca using 
thermal ionisation mass spectrometry. 60 to 150 J.L.g of coral powder 
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FM19 FM08 
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Fig. 2. X-ray positive images showing diagenesis in corals FM08 and 
FMI9. Dark high-density patches indicate the presence of secondary 
calcite. Calcite patches are I to 3 mrn in diameter in FM08 and, in 
FMI9, the calcite forms a distinct zone. Grey boxes show sampling 
transects used for geochemical analysis. Grey line on FM08 shows the 
location of high-resolution sampling transect. Note the faded density 
band halo around the calcitic area in FMI9. 
was weighed into acid washed vials and dissolved in 0.5N HCI. Four 
JLg Ca subaliquots were then added to phosphoric acid, along with a 
43Ca-84Sr spike, giving a mix with 43Ca!"'Ca and 84Sr/86Sr of approx-
imately one. Following evaporation to near dryness, the aliquots were 
loaded onto single Tantalum filaments and Sr/Ca was determined by 
isotope dilution mass spectrometry on a Finnigan MAT 261 thermal 
ionisation mass spectrometer. An exponential fractionation law based 
on 42Ca!"'Ca was used to correct for Ca mass fractionation during 
analysis. Corrections for Sr mass fractionation during analysis used a 
power law based on 88Sr/86Sr. The spike is calibrated against a Re-
search School of Earth Sciences mixed Sr/Ca standard solution, based 
on high purity CaC03 and SrC03 , prepared gravimetrically. Measure-
ment of internal standards gives precision of :!: 0.08% (2u). 
Oxygen and carbon isotope ratios were measured on a Finnigan 
MAT 251 mass spectrometer. For each sample aliquot, 200 :!: 20 JLg of 
powder was initially dissolved in 105% H3P04 at 90°C in an automated 
carbonate (Kiel) device. Isotope results were calibrated relative to the 
Vienna Peedee Belemnite (v-pdb) using the NBS 19 (15180 = -2.20%0, 
o'3C = 1.95%o) and NBS 18 (15 180 = -23.00%o, o13C = -5.00%0) 
standards. Duplicate samples were measured except for the high-
resolution samples. The average standard error on duplicate samples 
was 0.02%o for FM08 and 0.07%o for FMI9. 
3. RESULTS 
In thin section, well preserved fossil corals should show all 
the skeletal features of modern corals, as well as an absence of 
void filling or cement formation by calcite or secondary ara-
gonite (Constantz, 1986). An example of good preservation in 
a fossil coral is presented in crossed polarised light in Figure 
3b. For comparison, a modern Porites /utea coral (MSOl) is 
included (Fig. 3a). All images show excellent preservation of 
centers of calcification (central thin dark line in crossed po-
larised light), with no evidence of replacement by calcite. The 
radiating fans of the sclerodennites are clearly visible, as are 
the dissepiments. No borings, sediment infillings or cements 
are present and there is minimal leaching. These images show 
that it is possible to find well preserved coral from these 
Muschu Island sites. 
Fossil corals FMl9 and FM08 show a variety of textures as 
they convert from aragonite to calcite (Fig. 3c and 4). As the 
amount of calcite increases (measured by XRD), the thin sec-
tion textures observed for each coral change in similar and 
characteristic ways. With 3 to 5% calcite, the corals develop 
"chalky" zones and show increased leaching (black patches, 
Fig. 3c), particularly at the centers of calcification. Calcite 
material is precipitated as a void-filling rim ""0.1 mm thick. At 
10 to 30% calcite (Fig. 4a), leaching is more extensive to the 
point where calcification centers have been removed. Thin 
micritic rims are present, and some voids are filled with single 
crystal calcite spar. With 40 to 60% calcite (Fig. 4b ), aragonite 
is replaced with calcite without destroying the gross coral 
morphology (neomorphism). This replacement occurs at a di-
agenetic front, a zone where the transformation of aragonite to 
calcite occurs across a thin film of water separating the two 
minerals. In addition, a mosaic of calcite spar may also replace 
the skeletal material. This spar is likely to be filling the space 
left by the dissolution of the coral. Micritic calcite rims are 
present where voids have not been filled with single crystal 
calcite spar. At 75 to 100% calcite (Fig. 4c), complete replace-
ment of the aragonite skeleton has occurred and almost all 
voids are filled with single crystal calcite spar. Primary skeletal 
elements are preserved as "ghosts" of the original texture. 
Sr/Ca for corals FM08 and FMl9 decreased systematically 
as a function of the amount of calcite present in the sample 
(Fig. Sa). This trend holds true irrespective of the site from 
which the corals were collected. Least-squares regressions for 
both corals give similar slopes (Fig. Sa) and high correlation 
coefficients (r = -0.99, both corals). The similarity of the 
Sr/Ca-calcite slope relationships suggests that the composition 
of the calcite is essentially the same at both sites. The weighted 
mean regression for the Sr/Ca-calcite relationship in Figure Sa 
is 
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Fig. 3. Comparison of (a) well preserved modern coral, (b) well 
preserved fossil coral and (c) fossil coral containing 3 to 5% calcite. All 
images are of corals under crossed polarised light. Arrows in (a) and (b) 
point to centers of calcification. Arrow in (c) shows calcite rims 
growing into voids. The darker color of the coralline aragonite in (c) is 
due to dissolution. Dissolution is most obvious along the centers of 
calcification. 
Fig. 4. Comparison of fossil coral with (a) 10 to 30% calcite, (b) 40 
to 60% calcite and (c) 75 to 100% calcite. All images are of corals 
under crossed polarised light. Arrows in (a) indicate single crystal void 
filling calcite. Arrow in (b) shows a neomorphic calcite front. Note the 
single calcite crystal in the top right and the dissolution of remaining 
aragonite. (c) Near complete neomorphic transformation of skeletal 
aragonite to calcite and calcite void filling. 
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Fig. 5. Comparison of Sr/Ca (a), S180 (b), and S13C (c) in coral 
FM08 (d) and coral FM19 (0). Solid lines show least-squares regres-
sions for FM08 and FM 19; dashed line indicates weighted mean 
regression for Sr/Ca and 1)180. The Sr/Ca weighted mean regression is 
Sr/Caatomic X 103 = 8.79(:!:0.0817) - [6.69( :!:0.00193)X %calcite], 
(r = -0.99, p < 0.001, n = 21). The /)180 weighted mean regression <> 
is /)180 = -5.2(:!:0.07)- [0.029(:!:0.002) X %calcite], (r = -0.97, 
p < 0.001, n = 21). The FM08 S13C regression is 1)13C = -1.3(:!:0.2) 
- [0.012(:!:0.007) X % calcite], (r = -0.61, p < 0.1 , n = 8). The 
FM19 1)13C regression is S13C = -0.1(:!:0.3)- [0.103(:!:0.007) X % 
calcite], (r = -0.98, p < 0.001, n = 13). Grey stippled bar shows the 
range of values for modem and fossil coral aragonite samples from 
PNG. 
Sr/Ca.,omio X 103 = 8.79 (::'::0.0817)-
[6.69 (::'::0.00193) X %calcite] (1) 
(r = -0.99, p < 0.001, n = 21). Extrapolation to 100% calcite 
gives a Sr/Ca of 0.0021 ::':: 0.00015 . 
15 180 values for both corals are negatively correlated with the 
percentage of calcite (r = -0.97 for FM08 and r = -0.99 for 
FM19), and the 15 180-calcite slopes are similar (see Figure 5 for 
weighted mean regression). As for Sr/Ca, this trend is indepen-
dent of coral location. Extrapolating to 100% for calcite gives 
a 15 180 value of -8.1 ::':: O.l%o. Some samples with up to 5% 
calcite have 15 180 values that are similar to those of non-
diagenetic fossil and modern corals. This occasional overlap is 
attributed to variability in the 15 180 values of coral aragonite, as 
indicated by the grey bar on each graph (Fig. 5), and to the 
uncertainty in the XRD measurements at low calcite percent-
ages. 
There is also a strong relationship between 15 13C and the 
percentage of calcite in corals FM08 and FM19, however, 
unlike Sr/Ca and 15 180, the 15 13C signals differ between the two 
coral sites (Fig. 5c). FM19 shows a negative trend in 15 13C with 
increasing calcite, whereas the calcite in FM08 gives essen-
tially the same 15 13C as the primary aragonite. The correlation 
coefficient for 15 13C and percent calcite is much stronger for 
FM19 (r = -0.98, p < 0.001, n = 13) than for FM08 (r = 
-0.61, p < 0.1, n = 8). FM08 shows a particularly large spread 
in 15 13C values for samples with less than 5% calcite, as large 
as that for non-diagenetic modern and fossil corals. Regression 
lines give end-member calcite 15 13C values of -2.5 ::':: 0.5%o for 
FM08 and a much lower value of -10.4 ::': 0.5%o for FM19. 
4. DISCUSSION 
4.1. Vadose-Zone Diagenesis 
Diagenetic textures in carbonates can give clues regarding 
the physical and geochemical environment in which diagenesis 
has occurred. Petrographic analysis of fossil corals is an effec-
tive way of recognising diagenesis, identifying the diagenetic 
setting and assessing the potential geochemical implications of 
the diagenesis. For the Muschu Island corals, the early leaching 
identified in thin sections probably occurs through interaction 
with meteoric water under-saturated with respect to CaC03 
(Longman, 1980). "Chalky" aragonite is a dissolution texture 
often developed in association with precipitation of single-
crystal calcite (e.g., James, 1974; Pingitore, 1976; Marshall, 
1983). The texture is thought to occur in areas saturated with 
water, such that dissolution occurs at a greater rate than calcite 
precipitation (e.g., James, 1974; Pingitore, 1976; Marshall, 
1983). The "chalky" zones in the Muschu Island corals are 
interpreted as small-scale water saturation in localised zones 
within the coral, in a vadose setting, rather than diagenesis 
occurring in a meteoric phreatic environment. 
Precipitation of calcite into voids, fabric selective replace-
ment of aragonite skeletal material and neomorphism are all 
characteristic features of coral undergoing diagenesis in a va-
dose environment (James, 1974; Bathurst, 1975; Longman, 
1980; Martin eta!., 1986). Longman (1980) notes that in the 
vadose zone cement distribution and morphology reflects the 
patchy distribution of water within the available pore spaces, 
with the calcite sourced from aragonite dissolution in the sur-
rounding coral (James, 1974; Bathurst, 1975; Longman, 1980). 
The Muschu coral cements are usually large single crystals 
bounded by dissepiments and skeletal walls (Fig. 4), suggesting 
that dissolution of surrounding aragonite has occurred. Water 
has probably been present in these areas for a significant period, 
though the corals have not necessarily been completely satu-
rated. Our interpretation of coral diagenesis in a meteoric 
vadose environment is consistent with field observations of the 
corals eroding from onshore environments on Muschu Island. 
This simplified diagenetic environment should facilitate inter-
pretation of the geochemical results. 
4.2. Geochemistry 
On average, the Sr/Ca in the Muschu Island corals decreased 
from 0.0088 to 0.0021 as the calcite content increased from 0 
to 100%. The Sr/Ca of inorganic carbonate depends on the 
Sr/Ca partition coefficient, D5,, and the Sr/Ca of the precipi-
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Fig. 6. Diagenetic changes in 8180 and Sr/Ca expressed as a change 
in SST. All data were converted to SST using the average of published 
Sr/Ca and 8180 SST slopes (see text). (a) Weighted mean linear 
regressions for 8180 ( +) and Sr/Ca (0) data from corals FM08 and 
FM19 at Muschu Island. Regression lines are Sr/Ca-t.SST (°C) = 1.15 
(:!:0.03) X %calcite, (r = 0.99, p < 0.001, n = 21); 8180-.:'.SST (0 C) 
= 0.14(:!:0.01) X % calcite, (r = 0.97, p < 0.001, n = 21) (b) 
Comparison of SST regressions for this study (solid lines) with those 
for various coral species with varying percentages of vadose-zone 
calcite (dashed lines). 8180-t.SST regression for Martin et al. (1986, 
V'), Stein et al. (1993, E£>), and Wei et al. (1998, t><l). Sr/Ca-t.SST 
regression for Seigel (1960, .:'.), Zhu (1990, 0), Zhu et al. (1988, 181}, 
and Zhu eta!. (1994, 0). Bars at 100% calcite represent the range of 
calculated end-member Sr/Ca-t.SST (upper vertical line) and calcu-
·lated end-member 8180-t.SST (lower vertical line). 
tating solution (Kinsman and Holland, 1969; Veizer, 1983) as 
follows: 
Sr/C<~cubonate = Ds, X Sr/Ca,olution (2) 
The partition coefficient for Sr in carbonate varies with tem-
perature, the carbonate phase and kinetic factors such as pre-
cipitation rate (Kinsman and Holland, 1969; Veizer, 1983). 
Reported values of D5, for calcite vary from 0.016 to 0.14 
(Kinsman and Holland, 1969; Katz et al., 1972; Lorens, 1981; 
Veizer, 1983; Morse and Bender, 1990; Tesoriero and Pankow, 
1996). The reported value for D5 , for aragonite to calcite 
transformations is 0.05 (Katz et al., 1972). D5 , for aragonite 
precipitation is 0.9 to 1.2 (Veizer, 1983). Thus, regardless of 
the absolute value of the calcite D5 ,, calcite will have lower 
Sr/Ca than the water from which it precipitates and aragonite 
precipitated in equilibrium with the same water. 
The Sr/Ca of meteoric waters is a function of the Sr/Ca of 
dissolving carbonate and the degree of closure of the diagenetic 
system. In a closed diagenetic system, initially the meteoric 
water will take on the Sr/Ca of the first carbonate material 
dissolved. The resulting calcite will have a ratio given by Eqn. 
2. With time, and continued dissolution and precipitation, the 
excess Sr relative to Ca from each precipitation will accumulate 
in the meteoric water, because the D5 , for calcite is less than 
unity. When equilibrium is reached, the maximum Sr/Ca in 
calcite will be that of the dissolving carbonate phase (Kinsman, 
1969; Veizer, 1983). In open systems such as coral reefs, 
however, the fluid flow is high so there is no accumulation of 
Sr/Ca in the meteoric water and Sr/Ca of calcite is likely to be 
the same as that of the initial closed system (Kinsman, 1969). 
Given the porous nature of the Muschu Island corals examined 
in this study, and the high regional rainfall, calcite is unlikely 
to be precipitating in a completely closed system. 
The 8180 of diagenetic calcite is determined by the ratio of 
moles of oxygen derived from dissolving carbonate (aragonite) 
and from the meteoric water (Gross, 1964; Allan and Mat-
thews, 1982). However, the water flow rate is generally much 
greater than the rate of dissolution, thus the 8180 of carbonate 
precipitated in vadose environments reflects the 8180 of the 
meteoric water. Using the inorganic calcite equilibrium precip-
itation equation of O'Neil et al. (1969), the 8180 for the 
meteoric water from which the Muschu Island coral calcite was 
precipitated was approximately -6.3%osMow• which is similar 
to the average 8180 values of -7.1%osMow for modern pre-
cipitation in PNG (Rozanski et al., 1993). 
The change in calcite 813C during the aragonite to calcite 
alteration process is dependent on the 813C of the meteoric 
water from which the calcite is precipitated (Gross, 1964; Allan 
and Matthews, 1982). 813C is dependent on the ratio of the 
moles of carbon from the dissolving coralline aragonite and, if 
covered with soil, the 813C of soil-gas C02 derived from plant 
respiration and organic matter decay (Gross, 1964; Allan and 
Matthews, 1982). Soil-gas C02 is depleted in 13C relative to 
marine dissolved inorganic carbon so calcite derived from this 
source has a lower 813C value than the original marine carbon-
ate (Allan and Matthews, 1982). Thus, the variability in IPC of 
calcite in Muschu Island corals reflects the degree of soil 
formation in their respective environments. Rebiew Bay 
(FM19) is a more vegetated site, with a thin soil horizon above 
the corals before they are exposed. In contrast, fossil corals 
from Morock Bay (FM08) are exposed from beneath beach 
sand, thus percolating waters would dissolve very little soil-gas 
C02 and 813C should show minimal changes. This explains 
why the 813C values for 100% secondary calcite in coral FM19, 
from the well-vegetated Rebiew Bay, are much lower 
( -10.4%o) than that for calcite in coral FM08 from Morock 
Bay (-2.5%o). 
4.3. Diagenesis, Paleothermometry and Paleoclimate 
Reconstruction 
When converted to a paleotemperature signal using the av-
erage slope of several calibrations for coral Sr/Ca (Beck et al. , 
1992; Min et al., 1995; Shen et al., 1996; Alibert and McCul-
loch, 1997; Gagan et al., 1998) and 8180 (McConnaughey, 
1989; Leder et al., 1996; Quinn et al., 1996; Wellington eta!., 
1996; Miiller et al., 2001), diagenesis in the two Muschu Island 
corals has a greater impact on estimates of SST from Sr/Ca 
(Sr/Ca-SST) than on those derived from 8180 (8180-SST) (Fig. 
6). Based on results from both Muschu corals, the apparent 
change in temperature for the aragonite-calcite transformation 
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is Sr/Ca-ASST = 1.15 (::!:0.03)°C (r = 0.99, p < 0.001, n = 
21) and 8180-ASST = 0.14 (::!: O.Ol)°C (r = 0.97, p < 0.001, 
n = 21) per percent calcite (Fig. 6a). The smaller shift in 
8180-SST reflects the smaller impact of differences in 8180 
between meteoric water, dissolved aragonite and precipitated 
calcite. The large shift in Sr/Ca-SST is due to the D5 , of calcite 
giving much lower Sr/Ca relative to aragonite. Thus, calcite 
diagenesis in the vadose environment will always produce 
Sr/Ca-SST estimates that are warmer than those derived from 
original coral aragonite, assuming an open system. SSTs esti-
mated from 8180 values may be warmer or colder depending 
on the 8180 of meteoric water, which is in turn dependent on 
the 8180 of tropical rainfall, with regional differences in iso-
topic composition. 
To judge the potential impact of vadose-zone diagenesis on 
coral paleothermometry, we calculated the potential range of 
values for Sr/Ca in vadose-zone calcite (Fig. 6). 1he range in 
calculated end-member Sr/Ca-ASST accounts for the range of 
reported D5 ,, and for the calculation the initial meteoric water 
Sr/Ca was assumed to be 0.0088, the average Sr/Ca of modern 
corals from Muschu Island. The end-member Sr/Ca-ASST 
ranges from 130 to 149°C, which is somewhat warmer than the 
100% calcite Sr/Ca-ASST of ll5°C for the Muschu data. This 
is most likely due to an underestimate of the Sr/Ca for meteoric 
water in the calculated end member, as the Muschu Island 
meteoric water may have picked up additional Sr from other 
carbonate sources in the overlying soil and beach sand. There 
may also have been some degree of system closure in the 
corals. 
A range of end-member 8180 calcite values was calculated 
using the maximum 8180 range of l %o5 Mow to -8%o5 Mow for 
tropical rainwater (Rozanski et a!., 1993) (Fig. 6). 8180 calcite • 
was calculated using the calcite precipitation equation of 
O'Neil eta!. (1969). This gave a 8180 calcite range of -0.8%o 
to -9.8%o. The calcite 8180 value for Muschu calcite ( -8.1%o) 
falls near the lower end of this range, which is to be expected 
given that PNG rainfall is highly depleted in 180 (Rozanski et 
a!., 1993). This result confirms that the main factor controlling 
the 8180 of diagenetic calcite at Muschu Island is the 8180 of 
rainfall . From the range of calculated 8180 calcite values, 
8180-SST values relative to modern Muschu Island coralline 
aragonite were determined (end-member 8180-ASST). The 
end-member 8180-ASST ranges from -23°C to 21 oc (Fig. 6). 
The trends in the Muschu data and the calculated end-
member values were also compared to those reported in the 
literature for corals undergoing diagenesis in the vadose zone 
(Fig. 6b). The literature data are from Huon Peninsula, PNG 
(Zhu et al., 1988; Zhu, 1990; Stein et a!., 1993; Zhu et a!., 
1994), Florida Keys (Siegel, 1960; Martin et a!., 1986) and 
Nansha Islands, China (Wei eta!. , 1998). Despite the variety of 
locations, ages and species of coral examined in the literature 
studies, alteration of coralline aragonite to calcite always gives 
lower Sr/Ca (warmer SST) and there is minimal variability in 
the slopes. All literature 8180-ASST data show similar results 
to the Muschu data. These data plot at the upper end of the 
range defined by the calculated end-member 8180-ASST. All 
the locations of these studies receive isotopically light monsoon 
rainfall (Rozanski et a!., 1993) and the calcite 8180-ASSTs 
reflect this. 
Based on all the data presented in Figure 6b, the range of 
slopes for the change in Sr/Ca-SST is 1.1 to 1.5°C per percent 
calcite. The range in slopes for the change in 8180-SST is -0.2 
to 0.2°C per percent calcite, depending on the o 180 of the water 
from which the calcite is precipitated. Sr/Ca-SST is at least five 
times more sensitive to diagenetic changes than 8180 -SST. The 
relationship presented for Sr/Ca-ASST per percent calcite can 
be used to correct Sr/Ca-SST paleo-data and, if a precipitation 
8180 value for a given location is assumed, the same can be 
done for 8180-SST. 
Several recent studies (Gagan et a!., 1998; Hughen et a!., 
1999; McCulloch et a!., 1999; Tudhope et a!., 2001) have 
reported warmer than present SSTs for Holocene and Last 
Interglacial corals, based on Sr/Ca thermometry (Fig. 7a). 
These studies have also reported changes in 8180. To investi-
gate the potential impact of diagenesis on these results, we have 
assumed a scenario where all the warmer Sr/Ca-SSTs have 
resulted from calcite diagenesis rather than actu.al warming due 
to climate change. The Sr/Ca-ASSTs were converted to an 
equivalent percent calcite, and, using a two end-member mix-
ing equation, the range of 8180 deviations due to diagenesis 
was calculated (Fig. 7b). Relative to the observed 8180 data, 
the diagenetic 8180 deviations are negligible (Fig. 7c). The 
measured 8180 in fossil corals are too large to be due to 
diagenesis alone and climate variability is the most likely 
explanation. Thus, although Sr/Ca-SSTs may be highly suscep-
tible to diagenetic changes and questions remain over the 
calculation of mean SSTs from this proxy, 8180 is a robust 
paleoclimatic tracer not easily affected by calcite diagenesis. 
4.4. Diagenesis and Sampling Resolution 
One of the goals of coral paleoclimatology is to reconstruct 
climate on seasonal scales to understand climatic processes. 
From this viewpoint, the absolute SSTs are often less important 
than the preservation of detail in the seasonal cycle itself. The 
data presented thus far show that small amounts of calcite may 
give erroneous mean SSTs, however it is unclear whether 
high-resolution (subannual sampling) reconstructions of sea-
sonal cycles from corals with 1 to 2% calcite can also be 
erroneous. 
To explore this issue, we have sampled at near-weekly 
resolution four annual growth increments from coral FM08, 
where XRD and thin sections show that two :S 1 mm diameter 
patches of calcite are present, and - 1% calcite is distributed 
throughout the section. The I% calcite is distributed as irreg-
ular rims around skeletal voids and occasionally replaces the 
coralline aragonite. Three years of coral growth were analysed 
for 8180 and Sr/Ca at approximately 26 samples per year, and 
for one year, (HR-year), approximately 52 samples were ana-
lysed. The HR-year was chosen for additional analysis due to 
its close proximity to one of the calcite patches, allowing 
comparison of geochemical signals from areas of high and low 
calcite. For the HR-year, the data were averaged to simulate 
fortnightly and monthly sampling to examine the effect of 
different sampling resolutions superimposed on low level di-
agenesis. All data were plotted in terms of SST to assess the 
impacts of diagenesis on Sr/Ca-SST relative to 8180-SST at 
high resolutions. Records were calibrated using the SST rela-
tionships of Gagan eta!. (1998). 
The presence of diagenetic calcite in coral FM08 can be seen 
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Fig. 7. Impact of diagenesis on coral Sr/Ca ratios and 8180 values reported for mid-Holocene and Last Interglacial corals. 
T = Tudhope et a!. (2001); G = Gagan et al. (1998); G-unpub = Gagan unpublished results; MG-unpub = McGregor 
unpublished results; H = Hughen et al. (1999); M = McCulloch et al. (1999). (a) Difference in Sr/Ca-SST between modem 
and fossil corals from the same location, as stated in the studies listed above. D.SSTs are calculated using the quoted 
calibrations or, for unpublished results, using the calibration of Gagan et al. (1998). (b) 8180 deviations due to diagenesis, 
assuming the warming indicated by coral Sr/Ca is due to secondary calcite in the sample. Firstly, from the Sr/Ca-D.SST in 
panel (a) an equivalent percentage of calcite was calculated, using the mean of the range of end-member Sr/Ca-D.SSTs in 
Figure 6 (I °C:0.7% calcite). Then a two end-member mixing equation, between modern coral aragonite 8180 values and 
the calculated end-member 8180 range for secondary calcite (0.8%o to -9.8%o), was used to determine the range of likely 
8180 deviations due to diagenesis. (c) Published changes in 8180 relative to modern (black bar with open circle) with effect 
of diagenesis (from panel b) superimposed (grey shading). The change in 8180 due to diagenesis is significantly less than 
the changes in coral 8180 reported in the literature. 
in the high-resolution 1>180 and Sr/Ca-SST records (Fig. 8). 
The calcite patches are clearly defined in both Sr/Ca-SST and 
1> 180-SST (Fig. 8a). The magnitude of the change in SST for 
the Sr/Ca proxy is much greater than that for 1> 180 and the 
relative response of the two tracers is similar to that predicted 
from the calculated end-member values. Seasonal cycles in 
both Sr/Ca-SST and 1> 180-SST are evident, though the uneven 
contribution of diagenesis to the Sr/Ca signal introduces vari-
ability of approximately 0.5°C relative to the 1> 180 signal (Fig. 
8b). When the high-resolution data are smoothed to monthly 
resolution the seasonal cycle is preserved in both Sr/Ca-SST 
and 1) 180-SST. Similar results were obtained when every fourth 
micro-sample was plotted, as opposed to averaging four sam-
ples. 
The results suggest that meaningful paleoclimate records of 
the seasonal cycle can still be obtained from corals with low 
percentages of calcite, given sufficient smoothing of the Sr/Ca-
SST signal. However, estimates of mean SSTs from such 
calcite-affected data will still be in error. Sr/Ca and 1> 180 
analysis of I to 2 yr of coral growth at near-weekly resolution 
may be a good way to reveal significant calcite diagenesis and 
to estimate the errors in mean SST. An additional crosscheck 
would be to compare short records from two corals with similar 
ages. 
Many coral paleoclimate studies state that corals have been 
screened for diagenesis (Guilderson et a!. , 1994; McCulloch et 
a!., 1996; Esat eta!., 1999; Hughen eta!., 1999; Woodroffe and 
Gagan, 2000; Guilderson et a!., 2001; Tudhope et a!., 2001). 
Two in particular (Hughen eta!., 1999; Tudhope eta!., 2001) 
cite the preservation of details of the seasonal cycle as evidence 
for a lack of significant diagenesis. This assumption seems to 
be valid based on results of this study, which show that at low 
percentages of calcite seasonal cycles are recorded in the cor-
als. 
5. CONCLUSIONS 
I. Changes in skeletal texture and geochemistry for mid-Ho-
locene corals from raised reefs at Muschu Island, PNG, 
suggest that calcite diagenesis occurred in the vadose envi-
ronment following uplift to the high intertidal zone. 
2. Sr/Ca in corals decreases dramatically when subject to cal-
cite diagenesis in the vadose zone. In the Muschu Island 
environment, 1>180 also decreased, though, in general, the 
magnitude and direction of diagenetic changes in coral 1> 180 
will vary regionally as a function of the mean 1) 180 value of 
precipitation. 1>13C in vadose calcite also tends to be lower 
than I> 13C in coral aragonite and depends on the moles of 
13C-depleted carbon derived from soil-gas C02 . 
3. When converted to temperature using published calibration 
equations, the Sr/Ca and 1> 180-SSTs of vadose-zone calcite 
in the Muschu Island corals gives anomalously warm tem-
perature estimates of I 15 and l4°C, respectively. The range 
of slopes for Sr/Ca-tl.SST reported in the literature, and 
shown in this study, are I. I to 1.5°C per percent calcite and 
are at least five times more sensitive to diagenetic changes 
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Fig. 8. (a) High resolution Sr/Ca and 1> 180-SST data for four growth 
years from coral FM08 as an estimate of the impact of -I% calcite on 
paleotemperature estimates. Vertical shading marks the start and finish 
of each year, as defined by X-radiography. Samples were milled at 
near-weekly resolution and every second sample was analysed. Hori-
zontal bars (marked Sr/Ca HR and 1>180 HR) indicate sections where 
every sample was analysed. (b) Comparison of sampling resolutions for 
resolving climate signals from 1> 180 and Sr/Ca-SST data, where calcite 
is present. From the original near-weekly data (grey line) two and four 
samples were averaged to simulate fortnightly (dashed line) and 
monthly sample resolution (black line, open circles), respectively. 
than .st 80-SSTs (-0.2 to 0.2°C per percent calcite). The 
slope relationships can be used to correct Sr/Ca-SST paleo-
data with low percent calcite, and if a site-specific 8180 
value for precipitation is assumed, the same can be done for 
.st•o-SST. The difference in the response of Sr/Ca and 8180 
to vadose diagenesis was exploited to show that 8180 sig-
nals in corals are robust when subject to small amounts of 
calcite diagenesis. 
4 . Sr/Ca and 8 180 in corals with low concentrations of sec-
ondary calcite can still be used to investigate seasonal and 
interannual climatic variability, although mean temperature 
estimates may be erroneous. In addition to detailed XRD 
and thin-section petrography, analysing Sr/Ca for 1 to 2 yr 
of coral growth at near-weekly resolution should reveal 
noise in the record, and the magnitude of potential errors, 
due to low concentrations of calcite. Checking the repro-
ducibility of climate signals in corals of similar age can also 
reduce errors in paleoclimate reconstruction. 
Acknowledgments-We wish to thank the Australian Institute of Ma-
rine Science and the crew of the rv Lady Basten for assistance with 
fieldwork. G. Mortimer, H. Scott-Gagan and J. Cali are thanked for 
assistance with trace element and isotope analyses. We also thank J. 
Marshall, M. McCulloch, C. Heath and T. Schambron for useful 
discussions and comments on the manuscript. D. Lea, S. de Villiers and 
two anonymous reviewers are thanked for thoughtful suggestions on 
improving the manuscript. 
Associate editor: D. W. Lea 
REFERENCES 
Alibert C. and McCulloch M. T. (1997) Strontium/calcium ratios in 
modern Porites corals from the Great Barrier Reef as a proxy for sea 
surface temperature: Calibration of the thermometer and monitoring 
of ENSO. Paleoceanog. 12(3), 345-363. 
Allan J. R. and Matthews R. K. (1982) Isotope signatures associated 
with early meteoric diagenesis. Sedimentol. 29, 797-817. 
Arthur M. A., Anderson T. F., Kaplan I. R., Veizer J., and Land L. S. 
(1983) Stable Isotopes in Sedimentary Geology, SEPM Short Course 
No.lO. SEPM, Dallas. 
Bard E., Rostek F., and Sonzogni C. (1997) Interhemispheric syn-
chrony of the last deglaciation inferred from alkenone palaeother-
mometry. Nature 385, 707-710. 
Bathurst R. G. C. (1975) Developments in Sedimentology 12, Carbon-
ate Sedimellls and Their Diagenesis. Elsevier, Amsterdam. 
Beck J. W., Edwards R. L., Ito E., Taylor F. W., Recy J., Rougerie F., 
Joannot P., and Henin C. (1992) Sea-surface temperature from coral 
skeletal strontium/calcium ratios. Science 257, 644-647. 
Beck W. J., Recy J., Taylor F., Edwards R. L., and Cabioch G. (1997) 
Abrupt changes in early Holocene tropical sea surface temperature 
derived from coral records. Nature 385, 705-707. 
CLIMAP (1981) The surface of the ice-age earth. Science 191, 1131-
1137. 
Constantz B. R. (1986) The primary surface area of corals and varia-
tions in their susceptibility to diagenesis. In: Reef Diagenesis (eds. 
J. H. Schroeder and B. H. Purser), pp. 53-76. Springer-Verlag, 
Berlin. 
Correge T., Delcroix T., Recy J., Beck W., Cabioch G., and Le Cornec 
F. (2000) Evidence for stronger El Nino-Southern Oscillation 
(ENSO) events in a mid-Holocene massive coral. Paleoceanog. 
15( 4 ), 465-470. 
Esat T. M., McCulloch M. T., Chappell J., Pillans B., and Omura A. 
( 1999) Rapid fluctuations in sea level recorded at Huon Peninsula 
during the penultimate deglaciation. Science 283, 197-201. 
Gagan M. K., Ayliffe L. K., Hopley D., Cali J. A., Mortimer G. E., 
Chappell J., McCulloch M. T., and Head M. J. (1998) Temperature 
and surface-ocean water balance of the mid-Holocene tropical west-
ern Pacific. Science 279, 1014-1018. 
Gagan M. K., Chivas A. R., and Isdale P. J. (1994) High-resolution 
isotopic records from corals using ocean temperature and mass-
spawning chronometers. Earth Planet. Sci. Lett. 121, 549-558. 
Gross M. G. (1964) Variations in the 0 18/016 and C13/C 12 ratios of 
diagenetically altered limestones in the Bermuda Islands. J. Geol. 72, 
170-194 . 
Guilderson T. P., Fairbanks R. G., and Rubenstone J. L. (1994) Trop-
ical temperature variations since 20,000 years ago: modulating in-
terhemispheric climate change. Science 263, 663-665. 
Guilderson T. P., Fairbanks R. G., and Rubenstone J. L. (2001) Trop-
ical Atlantic coral oxygen isotopes: glacial-interglacial sea surface 
temperatures and climate change. Mar. Geol. 172, 75-89. 
Harris W. H. and Matthews R. K. (1968) Subaerial diagenesis of 
carbonate sediments: efficiency of the solution-reprecipitation pro-
cess . Science 160, 77-79. 
Hughen K. A., Schrag D. P., and Jacobsen S. B. (1999) El Niiio during 
the last interglacial period recorded by a fossil coral from Indonesia. 
Geophys. Res. Lett. 26(20), 3129-3132. 
James N. P. (1974) Diagenesis of scleractinian corals in the subaerial 
vadose environment. J. Paleontol. 48(4), 785-799. 
Katz A., Sass E. , Starinsky A., and Holland H. D. (1972) Strontium 
behaviour in the aragonite-calcite transformation: an experimental 
study at 40° -90°C. Geochim. Cosmochim. Acta 36, 481-496. 

2156 H. V. McGregor and M. K. Gagan 
Kinsman D. J. J. (1969) Interpretation of sf"+ concentrations in car-
bonate minerals and rocks. J. Sediment. Petrol. 39(2), 486-508. 
Kinsman D. J. J. and Holland H. D. (1969) The co-precipitation of 
cations with CaC03-IV. The co-precipitation of sf"+ with aragonite 
between !6° and 96°C. Geochim. Cosmochim. Acta 33, 1-17. 
Lea D. W., Pak D. K., and Spero H. J. (2000) Climate impact of late 
Quaternary equatorial Pacific sea surface temperature variations. 
Science 289, 1719-1724. 
Leder J. J. , Swart P. K., Szmant A. M., and DodgeR. E. (1996) The 
origin of variations in the isotopic record of scleractinian corals: I. 
Oxygen. Geochim. Cosmochim. Acta 60(15), 2857-2870. 
Longman M. W. (1980) Carbonate diagenetic textures from nearsur-
face diagenetic environments. Am. Assoc. Petrol. Geol. Bull. 64(4), 
461-487. 
Lorens R. B. (1981) Sr, Cd, Mn and Co distribution coefficients in 
calcite as a function of calcite precipitation rate. Geochim. Cosmo-
chim. Acta 45, 553-561. 
Marshall J. F. (1983) Lithology and diagenesis of the carbonate foun-
dations of modern reefs in the southern Great Barrier Reef. BMR J. 
Austral. Geol. Geophys. 8, 253-265. · 
Martin G. D., Wilkinson B. H., and Lohmann K. C. (1986) The role of 
skeletal porosity in aragonite neomorphism-Strombus and Montas-
trea from the Pleistocene Key Largo limestone, Florida. J. Sedimellt. 
Petrol. 56(2), 194-203. · 
Martin P. A., Lea D. W., Mashiotta T. A., Papenfuss T., and Sarnthein 
M. (1999) Variation of foraminiferal Sr/Ca over Quaternary glacial-
interglacial cycles: Evidence for changes in mean ocean Sr/Ca? 
Geochemistry, Geophysics, Geosystems !:(Paper Number 
1999GC000006). 
McAlpine J. R., Keig G., and Falls R. (1983) Climate of Papua New 
Guinea. Australian National University Press, Canberra. 
McConnaughey T. (1989) 13C and 180 Isotopic disequilibrium in 
biological carbonates: I. Patterns. Geochim. Cosmochim. Acta 53, 
151-162. 
McCulloch M. , Mortimer G., Esat T., Xianhua L., Pillans B., and 
Chappell J. (1996) High resolution windows into early Holocene 
climate: Sr/Ca coral records from the Huon Peninsula. Earth Planet. 
Sci. Lett. 138, 169-178. 
McCulloch M. T., Tudhope A. W., Esat T. M. , Mortimer G. E., 
Chappell J. , Pillans B., Chivas A. R., and Omura A. (1999) Coral 
record of equatorial sea-surface temperatures during the Penultimate . 
Deglaciation at Huon Peninsula. Science 283, 202-204. 
Min G. R., Edwards R. L., Taylor F. W., Recy J. , Gallup C. D., and 
Beck J. W. (1995) Annual cycles of U/Ca in coral skeletons and 
U/Ca thermometry. Geochim. Cosmochim. Acta 59(10), 2025-2042. 
Morse J. W. and Bender M. L. (1990) Partition coefficients in calcite: 
Examination of factors influencing the validity of experimental re-
sults and their application to natural systems. Chern. Geol. 82, 
265-277. 
Muller A., Gagan M. K., and McCulloch M. T. (2001) Early marine 
diagenesis in corals and geochemical consequences for paleoceano-
graphic reconstructions. Geophys. Res. Lett. 28(23), 4471-4474. 
O'Neil J. R., Clayton R.N., and Mayeda T. K. (1969) Oxygen isotope 
fractionation in divalent metal carbonates. J. Chern. Phys. 51(12), 
5547-5558. 
Pingitore N. E. (1976) Vadose and phreatic diagenesis: processes, 
products and their recognition in corals. J. Sediment. Petrol. 46(4), 
985-1006. 
Quinn T. M., Taylor F. W., Crowley T. J., and Link S. M. (1996) 
Evaluation of sampling resolution in coral stable isotope records: A 
case study using records from New Caledonia and Tarawa. Pale-
oceanog. 11(5), 529-542. 
Rozanski K., Araguas-Araguas L., and Gonfiantini R. (1993) Isotopic 
patterns in modern global precipitation. In: Climate Change in Con-
tinental Isotopic Records, Geophysical Monograph 78, vol 78 (eds. 
P. K. Swart, K. C. Lohmann, L. J. McKenzie, and S. Savin), pp. 
1-36. American Geophysical Union, Washington DC. 
Schroeder J. H. and Purser B. H. (1986) Reef diagenesis. Springer-
Verlag, Berlin. 
Shen C.-C., Lee T., Chen C.-Y., Wang C.-H., Dai C.-F., and Li L.-A. 
( 1996) The calibration of D [Sr/Ca] versus sea surface temperature 
relationship for Porites corals. Geochim. Cosmochim. Acta 60(20), 
3849-3858. 
Siegel F. R. (1960) The effect of strontium on the aragonite-calcite 
ratios of Pleistocene corals. J. Sediment. Petrol. 30(2), 297- 304. 
Stein M., Wasserburg G. J., Aharon P., Chen J. H., Zhu Z. R., Bloom 
A., and Chappell J. (1993) TIMS U-series dating and stable isotopes 
of the last interglacial event in Papua New Guinea. Geochim. Cos-
mochim. Acta 57, 2241-2554. 
Stoll H. M. and Schrag D. P. (1998) Effects of Quaternary sea level 
cycles on strontium in seawater. Geochim. Cosmochim. Acta 62(7), 
1107-1118. 
Stoll H. M., Schrag D. P., and Clemens S. C. (1999) Are seawater 
Sr/Ca variations preserved in Quaternary foraminifera? Geochim. 
Cosmochim. Acta 63(21 ), 3535-3547. 
Tesoriero A. J. and Pankow J. F. (1996) Solid solution partitioning of 
sf"+, Ba2+ and Cd2 + to calcite. Geochim. Cosmochim. Acta 60(6), 
1053-1063. 
Tudhope A. W., Chilcott C. P., McCulloch M. T. , Cook E. R., Chappell 
J., Ellam R. M., Lea D. W., Lough J. M., and Shimmield G. B. 
(2001) Variability in the El Nino-Southern Oscillation through a 
glacial-interglacial cycle. Science 291, 1511-1517. 
Veizer J. (1983) Chemical diagenesis of carbonates: Theory and ap-
plication of trace element technique. In Stable Isotopes in Sedimen-
tary Geology, SEPM Short Course No. IO (eds. M. A. Arthur, T. F. 
Anderson, I. R. Kaplan, J. Veizer, and L. S. Land), pp. 3-1. SEPM, 
Dallas-3- 100. 
Wei G., Yu J., Gui X., Yu F., Chen Y., and Liu D. (1998) Paleoclimate 
implication of oxygen and carbon isotopic composition from diagen-
esis coral. Science in China (Series D). 41(6), 609-615. 
Wellington G. M., Dunbar R. B., and Merlen G. (1996) Calibration of 
stable oxygen isotope signatures in Galapagos corals. Paleoceanog. 
11(4), 467-480. 
Woodroffe C. D. and Gagan M. K. (2000) Coral microatolls from the 
central Pacific record late Holocene El Niiio. Geophys. Res. Lett. 
27(10), 1511-1514. 
Zhu Z., Marshall J. F., and Chappell J. (1994) Effects of differential 
tectonic uplift on Late Quaternary coral reef diagenesis, Huon Pen-
insula, Papua New Guinea. Aust. J. Earth Sci. 41, 463-474. 
Zhu Z. R. ( 1990) Diagenesis of the late Quaternary raised coral reefs of 
the Houn Peninsula, Papua New Guinea. Ph.D. thesis, Australian 
National Univeristy. 
Zhu z. R., Marshall J., and Chappell J. ( 1988) Diagenetic sequences of 
reef-corals in the late Quaternary raised coral reefs of the Huon 
Peninsula, New Guinea. 6th International Coral Reef Symposium, 
Australia, 565-573. 

